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TREATMENT OF FLUVIALLY DEPOSITED STREAMSIDE MINE
WASTE—MATERIAL FROM NINE MILE CREEK, IDAHO

4

By Anthony J. Paulson, Robert Balderrama, Efic Zahl, antl Ryan L. Cox

ABSTRACT

The size separation of flood plain material contaminated with mine waste was tested to determine if the interaction
of water flow with geochemical processes could be changed sufficiently to reduce release rates of metals in a manner
that wouldallow on-site disposal of all material as the sole remediation action. Size separation reduced Zn release
by 60% over a 270-day period, partially by changing hydrogeochemical conditions and partially by the flushing
action of the wet-separation process. Since Pb was controlled by anglesite solubility, reduced sulfate concentrations
in the segrgated material actually resulted in increased Pb release. The initial release of metals from the gravel
fraction seemed to be controlled by adhered fines, even though the wet-separation process removed more of this finer
material.

In ancillary separation tests, aggressive water treatment of the coarser fraction was required to limit initial metal
release. This treatment involved thoroughly removing the finer fraction. Gravity separation of the finest fraction
produced aoncentrate high ifPb. Incontrast, conventional flotation to remove sulfide minerals was ineffective
because the material had been weathered and heavily oxidized on the flood plain.

"Hydrologist, formerly with the U.S. Bureau of Mines, Spokane Research Center, Spokane, WA.
2Metallurgist, formerly with the U.S. Bureau of Mines, Reno Research Center, Reno, NV.

*Civil engineer, Spokane Research Center, U.S. Dept. Of Energy, Spokane, WA.

“Student aide, formerly with the U.S. Bureau of Mines, Salt Lake City Research Center, Salt Lake City, UT.



INTRODUCTION

In the past, mine wastes were deposited with natural sediments Remediation technologies that have been utilized for other
along stream channels because of an absence of suitablypestofwaste materials and/or sites were examined to evaluate
engineered containment structures. These wastes were then their applicability to fluvially deposited mine waste. Metal release
washed dwnstream during periods of high flow. Sutlvially from sulfide minerals requires (1) an oxidant to oxidize the
depositedmine wastes from past mining practices are continuing sulfide mineral and (2) water to activate the oxidation reaction
to degrade water quality in many mining districts both in theand to tansport oxidation products (sulfate and metals) from the
United States and abroad. The physical erosion and chemical mine waste into the surrounding ground or surface water.
weathering of these mine wastes and the migration of Control of molecular oxygen (O ) diffusion into the mixed soils
contaminants released into surface and ground water are the was not considered since the reservoir of oxygen in the already
primary environmental concerns. For example, dissolution of oxidized €addls Fe oxyhydroxides) can activate oxidation
zinc sulfate (ZnSQ ), which forms on the surface of fluvially reactons in the absence of molecular oxygen (Rimstidt and
deposited tailings as a result of evaporation in arid regions, has others, 1994). A general premise of this research is that oxidation
resulted in massive fish kills immediately after summer storms of sulfide minerals can only be slowed, not stopped. Below is a
(Johnson and Schmidt, 1988). The listing of several mining partial list of remediation options that were considered to have the
sites, such as Bunker Hill, Kellogflp, on theNational Priority potential to slow down oxidation or stabilize its products.
List under the Comprehensive, Environmental Response,
Compensation, and Liability Act (CERCLA, also known as » Control of water movement within the mine waste-alluvium
Superfund) has focused attention on metal pollution from past mixture to prevent the transport of oxidation products out of the

and present mining practices in these watersheds. mixture.
The collection of tailings in settling ponds started in 1968 and * Chemical stabilization of oxidation products both within and
has resulted in cleaner mining effluents. As a con- sequence, downstream of the soils mixture.

metal loads from presently operating mines and mills have e Chemical stabilization, such as in situ neutralization, to retard
decreased dramatically. In the Coeur d'Alene Basin, for instance, the transport of oxidation products out of the tailings mixture.
metal concentrations have decreased significantly since the » Interception of ground water that carries oxidation products
passage of the Clean Water Act in 1972 (Horning and otherdrom the mixture. The ground water could then be treated in-
1988; Collcott, 1989). However, a considerable amount of place by innovative technologies, such as constructed wetlands or
current metal loads in mining districts originates outside of engineered chemical treatments.
presently operating mine and mill sites (Callcott, 1989; ¢ Selective removal of oxidizing sulfide minerals.
McCulley, Frick and Gilmanlnc., 1991, 1992).Release of zinc « Pumping and treating ground water by conventional treatment
(Zn) from fluvially deposited tailings located within three large processes.
flood plains near Wallace and Kellogg, ID (Canyon Creek, Nine
Mile Creek, and Smelterville Flats) contributes a large percentage For all options in which oxidation products are stabilized on
of Zn loading to the Coeur d'Alene River. Controlling the site (.e., hydrologic control, in situ stabilization, or groundwater
release of heavy metals from these fluvially deposited tailings is interception), the possibility of catastrophic releases of metals
required to improve water quality to acceptable standards. must be evaluated. To the extent that metal releases are caused by

The extent, nature, and mechanisms of metal releases froerosion of tailings on the site, physical barriers caddsigned.
fluvially deposited mine waste have not been adequately The pupose of the interagency agreement (IAG) between the
addresed. The hydrologic, physical, and chemical characEnvironmental Protection Agency (EPA) and tdeS. Bureau of
teristics of mixtures of mine waste and stream sediments are Mines (USBM) was to develop a treatment for fluvially deposited
probably dramatically different from those of piles of pure mine tailings that would be especially applicable to sites within the
waste. The nature of metal releases in more temperate regions has Coeur d’Alene Basin. In the initial phase of the project described
not been studied. In addition, the types of data needed to in this Report of Investigations (RI), sites were examined for the
determine the most effective technology for controlling metal significance of metal releases from fluvially deposited tailings.
releases from fluvially deposited mine wastes have not been Within the practical considera- tioné\Gf, thesitematched
established. The study of a selected treatment for the containment with an appropriate, highly rated remediation technology was
of metals from fluvially deposited tailings will provide additional selected with the con- sultation of Coeur d'Alene Restoration
knowledge on the physical and chemical variables that govern the Project personnel and project constituencies. The nature of the
effectiveness of treatments in general. This knowledge should be waste material at a site chosen for initial remediation testing was
trans- ferable to other waste treatment technologies, as well as to characterized, and selected remediation options were evaluated.
wastes from geographic regions having different mineralogies.

SITE SELECTION

Sites containing significant amounts of fluvially deposited
tailings in the Coeur d’Alene Basin have been described by
loannou (1979), and additional sites have been identified by
Federal agencies. Each site containing fluvially deposited tailings
was visited to assess its hydrological setting. The extent and



nature of metal migration into the surrounding surface and ood plain of the East Fork of Nine Mile Creek are presented in
ground water were of primary interest. Metal release was inferredgurdi 1(the specific procedures are described in the sections on

from surface water data for metals. Erosion of tailings by the “Sampling” and “Analysis”). $8j)furon (Fe), and lea(Pb)

force of flowing water is the primary mechanism causing physical were elevated in material small€3tham (less than 50
migration. The tailings and other mine waste can also undergo mesh). In contrast, Zn was depleted in the fine fraction. There
chemical reactions that transform insoluble metals into a solublare twoprobable causes for this depletion. The finer particles

form that can be transported by water into an aquifer or into could have been flotation tailings, while the mid-sized particles

adjacent streams. could have been jig tailings. Because sphalerite (ZnS) is more
Six sites were evaluated within the context of specific efficiently removed during flotation milling, it was likely that,
technologies. The Bureau of Land Management (BLM) initially, fresh fine flotation tailings would have had lower Zn

nominated four sites that it controls: (1) the East Fork of Nineconcentrations than coarser jig tailings. Alternatively, Zn

Mile Creek, (2) Nine Mile Creek at McCarthy, (3) the Woodland concentrations may have been initially similar across the size

Park area on Canyon Creek , and (4) low-gradient areas in spectrum. The higher specific area of irregular fine sphalerite may

Highland Creek in the Pine Creek watershed. Uh®. Forest have caused its more rapid weathering. Because the oxidation

Service nominated (1) Tributary Creek below the Jack Waite products of sphalerite are soluble, Zn would have been washed

Mine and (2) Moon Creek at the Silver Crescent millsite. No siteaway, causing the observed depletion in the finer fraction. The

were nominated by private parties. high Zn concentration in the larger fraction may be a result of low
The geometry of the McCarthy site was found to present sampling numbers, commonly called the "nugget effect.”

access problems for most types of on-site remediation techniques.  prodess that removes the acid-generating, S-rich fines from

Since the major sources of metals in Tributary Creek have been the coarser material may decrease the net acid potential of the

attributed to the adit and to seeps from the toes of tailings piles, coarser fraction to low or negative (acid-neutralizing) values. If

rather than from fluvially deposited tailings (Gillette and Ralston, the sphalerite in the coarser fraction is removed from the acidic

1979), the Jack Waite mill and mine site were eliminated fromenvironment that is generated by the fine fraction, then the

consideration. Likewise, the USBM'’s recent investigation at theaccelerated oxidation of sulfide minerals that occurs at low pH

Silver Crescent millsite (Paulson, 1996) clearly indicates that the may be arrested. There are other physical properties that suggest

source of metal release is not from fluvially deposited tailings. that separation of fines from the coarser material may reduce Zn
Because of the nature of the materials and their degree ofissoldtion. Because of the presence of the coarser sands and

connection with ground water, the three remaining sites wergravels, oxygen diffusion through the mixed material is

divided into two groups, depending on the connection between extensive. Oxygen diffusion through the material is critical

the waste and the aquifer. At Woodland Park, the growatdr because it enhances sulfide mineral dissolution. If the fines were

flowed through much of the mine waste (hydrologically eparated and left at the site in a sepapile, the sum of Zn

connected)while at the East Fork of Nine Mile Creek and at release from the three piles containing the fines, the sands, and the

Highland Creek, the mine wastes were perched above the watgravelsmay be much less than the Zn release from the mixed

table. While sparse chemical data suggest that metals were material. If the fines are placed in a separate pile with no

released into the section of Highland Creek containing fluviallyadditional treatment, the diffusion of oxygen will be inhibited

depositedtailings, the extent of metal releases from Highlandbecaise most of the pore spaces between particles will be

Creekcould not be confirmed because of the lack of flow data. occupied by water rather than air.

The most promising research approach for Woodland Park Because of the nature of the perched tailings material, selective

appears to besome form of innovative in situ chemical or rewal of the mine tailings from the East Fork of Nine Mile

biological treatment to retard the oxidation of sulfide minerals or ree® site was chosen as the option to test (fig-

transport of the resultant oxidation products. However, such an 2)urBize separation and/or removal of the fine fraction seemed

extensive research and de- velopment program was beyond the to have a high probability of decreasing the rate of Zn release

scope ofthis IAG and would have been prematurely terminatedfrom the coarser fraction. The importance of

with the initiation of remediation in the area in 199Bherefore,

an on-site treatment option for mine waste from the flood plain of

the East Fork of Nine Mile Creek (the segment of the creek

between the Success tailings and Dobson Pass Road) was selected

for study. Most of the flood plain tailings in this stream segment

probably originated from jig and flotation tailings located at three

upstream mill sites. A small jig mill was also once present in the

flood plain of this segment.

REMEDIATION SELECTION

The potetial of a technology to reduce the amounts of
dissolved metals released from sites containing fluvially deposited
mine waste was the primary consideration for selecting a
remediation technology. Size fractionation data and chemical
analyses of a composite material collected from four sites in the
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segregating the highly reactive fine fraction has been identified as
a controlling factor in experiments utilizing soil washing in which
the less reactive, coarser material was left on site (HP89;

Lauch andothers, 1989; Masters and Rubin, 1991). The USBM

has successfully treated metal-contaminated sediments at a
nonmine site using mineral processing techniques designed faiontrol
statistically valid results. Column leaching tests were chosen for
the majority of tests because they offer sufficient experi- mental

that specific site (Allen, 1994; Allen and Polls, 1993).

However, there are several factors that may make this
approachunfavorable. The absence of fine particles in the pile
containing the larger particles will make the pore spaces between

reduced loadings of Zn from a small reach in which an on-site

demonstration would be performed would be completely masked
by horizontal variations in release rate and interannual variations
of high metal loads upstream. These conditions suggest that a

demonstration having a significant amount of experimental
is necessary to assure that monitoring produces

control while simulating many of the hydrological, chemical, and
biological conditions found at the iteeovevhile column

the sandsand gravels slightly larger and may result in a higher stdeannot be used to predict the absolute value of the release

diffusion rate of oxygen. |If these coarser fractions contain
significant amounts of sulfide minerals, the release rate from these
fractions may actually increasélso, the pile containing the fine

rate, this type of kinetic test can predict trends resulting from
different remediation treatments.

ékause othe time constraints on the proposed remediation

material will need to be engineered to control erosion becauggroject, humidity cell tests were also conducted to determine the

water from storms will not percolate through the fines very

kinetics of dissolution.

Humidity cells accelerate the degree of

rapidly, which will lead to surface erosion of the fine fraction. If weathering incolumn tests by a factor between 3 dfid They

the initial chemical tests are encouraging, geotechnical
engineering utilizing the gravels and sands could reduce the
erosion of the fines in a full-scale operation. Preliminary slurry

can predict trends farther into the future than can column tests for
a given test period. The data from the humidity cell tests provide
additional assurances that decreased loads from the column tests

tests suggest that the use of water in the size fractionatiormre not temporary phenomena at the start of the experiment and

processes (wet sieving and hydrocycloning) also results in ill wanish with time.

dissolution of the oxidation products present on the original
waste material. While this will lead to lower initial release rates
once the material is placed back on site, waste water from the
separation process will probably have to be treated.

Previous literature (Stogran and Wagner, 1993) indicates that
a variety of physical, biological, and chemical processes may be
needed at mine-waste-contaminated sites to

concentrations to near-ambient concentrations. In selective

removal processes, the metal release rate will de- crease as the

bulk of the fractions containing easily releasable metals are
removed bysimple separation processes or are isolated from
microenvironments that enhance release.

reduce metal

As more and more
material is removed (at higher and higher costs), decreases in Zn

In this preliminary report, humiditell
tests for a duplicate sample of the fine fraction are compared to
the results of the column tests.

Column leaching tests were used to simulate Zn releases under

the following conditions:

1. The separation of fine particles)-@&nds (2 to 0.3
mm), and gravels (+2 mm) and leaving all fractions on site.
2. The separation of fines and sands from the gravels and
leaving only the gravels on site.
TRe searation and flotation of fines and removal of only
the fine concentrate from the site.

This RI presents preliminary findings on the use of these

release will be less and less. The identification of the point ofmineral-processing techniques to reduce metal loads from material

diminishing returns is a political decision. However, there are no
scientific data on which to base a political decision at this time.

collected from the East Fork of Nine Mile CreeR)figuare
attempt is made to relate the reactivity of the metals determined

The emphasis of this project was to determine the effects of eaéhom column tests to the results of static tests. Such an overall

process on the Zn releasse, not Znconcentrationsremaining
in the material. Conditions of the physical separation methods
were varied to optimize reduction in overall metal release.
Monitoring the effectiveness of decreasing Zn release is much
more labor intensive and costly than simply measuring the
remaining Zn concentrations. Therefore, serious thought must be
given to the probability of detecting statistically different release
rates relative to the contrdi.e., no proc- essing). In any

demonstration, a researcher is balancing control of the
demonstration  with  establishing realistic  environmental
conditions. In laboratory static tests, such as slurry tests, the

researcher has a large degree of control over environmental
condtions, but may not be simulating a significant
biogeochemical process as#e. At the other extreme, an on-site
demonstration project of a fraction of the material (1 ton) more
accumtely simulates environmental conditions, but the researcher
may not be able to control the conditions and statistically
determine effectiveness. It is the opinion of the authors that
monitoring the effectiveness of a demonstration at the site on the
East Fork of Nine Mile Creek is not feasible. The magnitude of

approach to

the physical separation

of size classes could be incorporated into the proposed
remediation plan in a manner that would reduce both dissolved
and particulate metal loads. This technology will not only benefit
the proposed remediation of the site, but ewtrebeely

valuable nationwide by allowing the wise alloca- tion of resources
for those stream segments where remediation funds are limited.



METHODS

This project was managed by USBM researchers at the Spokane dried and sized into 10 subfractions using conventional sieves
Research Center (SRC) with assistance from USBM scientists at the Bpeadhese results, size cutoffs of 2 mm (10 mesh) and 0.3
Reno Research Center (RERC) and the Salt Lake City Research mm (50 mesh) were chosen for large-scale separation. The
Center (SLRC). The collection of material from the site, epardion using these size cutoffs produced a gravel fraction

preparation and analysis of the original composite material, [-25.4 +2 mm (-1 in +10 mesh)], a sand fractB fF#En
separation of the large-volume wet-screened fractions, and the (-10 +50 mesh)], and a fine fraction [-0.3 mm (-50 mesh)].
column leaching experiments were conducted by SRC personnel. The two sections from each of the four cores were in- dividually

The static and kinetic tests, and the separation experiments on the dried and sized into three fractions using con- ventional sieves.
fine fraction were conducted by RERC. The static tests on the sand

and gravel fractions were conducted by SLRC. The tests to SEPARATION OF ORIGINAL COMPOSITE
separateghe smaller material adhering to the gravel fraction were MATERIAL
conducted jointly by SRC and SLRC.

Generally,different tasks were performed at each center. In The original composite material (-25.4 mm) was sized in two
some cases, standard procedures, such as determining elemenggamtes large-volume batches, each weighing approximately 100
composition of solids, were performed at more than one center. kg. The -25.4-mm original composite material from each batch

Although different instruments and analytical methods were used was wet screened through a 2-mm screen using the pressure fror
at each center to determine each chemical constituent, quality a peristaltic pump to rinse the smaller material off the larger gravels.
control-quality assurance procedures give confidence that the The material passing the 2-mm screen (the sand and fine fractions)
results of analyses from the different types of tests used at the was then screened through a 0.3-mm screen to produce a sat
different centers can be compared. In cases where similar task®action onthe screen (-2 +0.3 mm) and a fine fraction (-0.3 mm)
were performed at different centers using dramatically different pended irnthe wash water. The sand fraction was washed with
methods, these differences in procedure are noted and the earcltapwater, and the wash water was added to the slurry
implications discussed. For instance, the neutralization test for tteontaining the fines. The fine fraction from each batch was
fine fraction performed at RERC was conducted with an acid allowed to settle, and the water was siphoned off. The fine fraction
leachate, while the acidity tests for the gravel and sand fractiorfsom batch 1was used for four flotation tests, while a combined

performed at SLRC were conducted with distilled water. sample of the fine fraction from both batches was used in a fifth
flotation test as well as in gravity, magnetic, static, and kinetic tests.
SAMPLING The three size fractions from each batch separation were measured

for moisture content for evaluating mass balance and chemical

A large amount (350 kg) of solid material was collected from composition. For each batch separation, all wash water was
four locations on BLM property between the Success Mine tailings combined, weighed (approximatekg)1@Ghd sampled for
pile and the intersection of the East Fork of Nine Mile Road and elemental analysis after the solids had settled overnight. The
the DobsorPass Road. Corer barrels (51 mm in diametene amount of each element leached from the solids (milligram of
hammered into the waste material at each location to a depth of 0.5 element per kilogram of solid) was calculated from the
m. The material around each corer (about 85 kg), from the surface ncemtoation of the filtered processing water, the volume of
to the bottom, was removed and placed in a drum. Ccldre processing water, and the dry weight of the starting material.
barrels were then removed, capped, and brought back to the A portion of the original composite material was dried and sized
laboratory. The core samples were analyzed to define the into the three fractions in a vibrating percussion soil analyzer for
variability of solids characteristics at the site. Each core from the nendiogical analyses. Another portion of the original composite
four sites was removed from the barrel and split into an upper material (-25.4 mm) was prepared for a test in which ways to
section and a lower section. minimize the retention of the fines and sands on the gravel fraction

The sanple from the drum was split in half, and each half waswere investigated. This portion of the original composite material
screaed for oversized material (+28m). The -25-mnmmaterial was not dried and had a 3% moisture content. To obtain the initial
was homogenized in a Startac paddle mixer. The oversizegiravelfraction for this experiment, the original composite material
material contained.4% of the mass of the sample and was not wgmated with a 2-mm screen attached to a Sweco vibrating
examined further in this project. The -25-mm material from the cresnwithout the use of water. The resultit@.5 kg ofsemidry
two halves was manually homogenized and placed back in th€5.4 +2mm material was split into 16 aliquots ranging between
drum. This original composite material was the source of waste 993 and 1,163 g.
material for all laboratory experiments from tkite. A subsample
of the original composite material was

ANALYSIS The elemental composition from (1) each of the 10 sub-
fractions from the original composite material and (2) each of three
Solids fractionsfrom the upper and lower sections from the four cores
were determined. Each sample was dried, crushed, milled in a roll
Original Size Fractions mill, pulverized, and dissolved in acids. A sample weigldirftgg

was placed in a Savillex digestion vessel (part 568) and 6 mL of



hydrochloric acid (HCI), 2 mL of nitric acid (HNQ ), and 2 mL of Wet-Screened Fractions from Separation of Original
hydrofluoric acid (HF) were added. The vessel was heated for Zomposite Material
min per sample in a microwave at 250 W and then cooled. Twenty
millilit ers of saturated boric acid was added, and the sample was The sibsamples of the sand and gravel fractions of the original
diluted to a volume of 10L. Theacid solution was analyzed by composite material were analyzed for total metal content as
inductively coupled plasma (ICP) emission spectrometry in a dbsedriinthe section on “Original Size Fractions.” The fine
manner similar to the analyses of chemical leachate liquids. fraction was analyzed both at SRERd A separate
Recovery of the Standard Reference Material MP1 (CANMET, subsample was analyzed for total S and sulfate S. Total S was
Toronto, ON) were 91.5%, 98.6%, and 103% febb, Cu, and Zn, determined by ICP after acid dissolution. Sulfate S was determined
respectively. by adding 1 g sodium carbonate,(Na CO ) to a 1-g sample. This

Dried original composite material was sieved into gravel omigt wasthen placed in a flask with 15 mL of concentrated
(-25 +2mm), sand (-2 +0.3 mm), and fine (-0.3 mfrgctions and hydrochloric acid and heated to boiling fomii. Thecarbon
prepaed for mineralogical analysis. Approximately 1 g of sample dioxide, (CO ) in solution from the Na CO prevents the oxidation
was mixed with epoxy resin and placed in a 25-mm Bakelite ring of hydrogen sulfj8g, ¢thich is expelled. The solution was
mold. The sample was then ground and polished to expose then analyzed fi2FS Hyulfide S was calculated by difference
individual grains, and a thin conductive coating of gold was and is the basis for the calculation of the acid potential in the acid-
sputteredonto the sample to eliminate charge buildup in the base accounting determinations.
scanning electron microscope (SEM). The composition, grain
shape, andther characteristics of the sample were then examined Elements in Liquids
in the SEM using back-scattered and secondary-electron imaging,
energy x-ray dispersive analysis, and feature analysis. Static Tests (SLRC)

For routine x-ray diffraction analyses, the samples were ground
manudly using a mortar and pestle to obtain a particle size of The maor cations (calcium [Ca] and magnesium [Mg]) were
approximately0.15 mm (100 mesh). The material was loaithal analyzed by ICP (Jarell Ash 975) on waveleng®l§.9 and 279.5
the manufacturer's standard holders, which contain 2-mm-thick nm, respectively. Alun{iymmanganese (Mn), and Fe
aluminum plates with rectangular windows. A copper anode x-ragoncetrations were determined by ICP318.2, 257.6, and 259.9
tube running at 40 kV and 30 mA was used to obtain the x-ray nm, respectively. After every 16 samples, a standard was run and
diffraction pattern. The International Center for Diffraction Data after every 8 samples, a quality control sampla.wé#sthe
(ICDD) Powder Diffraction File was searched by computer to results disagreed by more 1@88an the instrument was
identify the possible minerals and compounds present in the recalibrated and the samples were rerun.
sample. The resulting identifications were checked and verified by K and Na were measured by flame atomic emission (Perkin
the analyst. Elmer 2100 or 5100) at 589 aftb.5 nm,respectively, with

Enemy-dispersive x-ray-fluorescence analyses were run on detection limt®bfand 0.006 ppm, respectively. gality
samples that had been ground to approximalelyp mm. The control sample was run after every 20 samples in duplicate or
samples were pressed at 138,000 kPa to form pellets so that a thick, triplicate. Spiked and blank samples were also run every 2
flat, smooth surface could be achieved to present to the x-ray beam. samples. Calibration verification was performed on one blank anc
A dual rhodium-tungsten anode x-ray tube was used to excite trene nid-range sample every 10 samples. If the control or the
sample for spectra collection. A standardless fundamental andsirddisagree by more than 10%, the last set of samples was
parameters method was used to make a semiquantitative estimate of rerun after recalibration.
elements with atomic numbers greater than 10.

Column Leaching Tests and Total Dissolution
Solutions (SRC)

The majorcations (sodium [Na], potassiuf{], Ca, and Mg)
were aalyzed by ICP (Perkin Elmer Plasma Il) on wavelengths
558995, 589.593, 393.366, and 279.553 mespectively. Zn,

Al, Mn, Fe, copper [Cu], cadmium [Cd], and Rimncentrations
were determined by ICP at 213.860, 396.152, 257.610, 259.940,
324.754,228.802, and 220.353 nmespectively. Total S was
determined at 180.731Im. Inall cases, a one-point calibration was
performed,and a calibration blank containing 1% nitric acid was
used. A calibration verification was performed after each
calibration. A drift check was run after each group of 15



samples. Recalibration was performed and all samples in a group and 2 h, the slurries were cooled and processed in the same manr
were reanalyzed any time the check samples for a group varied by as those samples to which cold water was added.

more than 5%from the expected value. The relative standard The equation used to determine the acidity of the bottle roll
deviation of the major element analyses was excellent, usually efflugnt (N = normal) is as follows:

being below 0.1%.

N, - (Ng x Vg)/sample volume, 1)
Humidity Cell Tests and Total Dissolution Solutions
(RERC) where N, = normality of base used, V = volume (in milliliters) of
base used, and amount of sample volume titrated is in milliliters.
Liquid solutions were analyzed for total metals and S con- The acidity (milligrams £LaCO per kilogram of solids) was
centrdgions on an ARL Q137 ICP (modified with an Interface calculated frgqm N and the liquid-to-solids ratio in the static bottle
Design analog to a digital converter) at the above wavelengths. roll tests (2.5 L/kg of sample) was as follows:

Oneqoint calibrations were performed in conjunction with a 2%
nitric acid calibration blank. Total S concentrations were convertethg CaCQ/kg of sample 50,040 mgCaCQ /equil x I x 2.5 L/kg of sample.
to sulfate concentrations using the 1:3 stoichiometry.
Acidity represents cations present in the leachate that are
Anions in Liquids hydrolyzed when the pH is increaseda8® (i.e., H, A, Fé&",
F&*, Mrt*, and Z# ).

Anion analyses were performed with a Dionex ion chroma- A 2-h, oold-water static test was also used to characterize the
tograph (C) using an ES4A column and a detector based orielease of metals from the wet-screened gravel fraction of the
condudivity suppression. Sulfate calibration was performed withoriginal composite material in the manner described above (for
3, 9, 30, 50, 60, and 100 ppstandard solutions. After every 10 rationale, see the section on “Static Tests”). In addition, cold-water
samples, a standard was run. The previous set of 10 samples vedatic tests were used to test the success of the methods for

rerun if the results of the standard differed by more than 5%. separaing the smaller material from the gravels. In these tests,
approimately 170 g of gravels processed by wet and dry methods
STATIC TESTS were mxed with 425 mL of cold, deionized, distilled water in

high-density polyethylene (HDPE) bottles and placed on a roller
Two types of static tests were performed: (1) neutralizatiorfor 2 h before being processed as described for the static tests on the
potential of the fine fraction and (2) acid generated by the sand arg@nd fraction.
gravel fractions. The amount of acid generated from solids was

also used as the criterion to judge the success of the test, as KINETIC TESTS
described in the section entitled "Separation of Fines and Sands
from Gravels. Column Leaching Tests
Static Tests with Fines Three subsamples, each containing 7 kg of the original

composite material (-25./hm), were loaded intindividual 102-

The neutralization potential was determined by treating a sampl&m-diam columns supported by a Buchner-like funnel containing
with excess standardized hydrochloric acid at 25 t¢@G®or 24  filter paper. Three 7-kg subsamples of the wet-screened gravel (-
h (Sobek anathers, 1978). A fizz test was employed to provide25.4 +2 mm) were loaded into three similar 102-mm-diam
a guide for the initial amount of acid to be added to the tésid ~ columns. Three 5.5-kg subsamples of the sand (-2 +0.3vwene)
was added as required during the acid treatment to maintai@lSO loaded into columns. Because of the limited amount of fine
sufficient acidity to generate the neutralization reaction. Aftermaterial, only one column containing 7 kg of the fine material (-
treatment, the unconsumed acid was titrated with a standardiz€d3 mm) was prepared. In addition, a half column was prepared by
base to pH 8.3 tallow calculation of the acid consumed (as loading 3.5 kg of fine material into the 102-mm-diam column.

calcium carbonate [CaCQO ] equivalents). However, this column clogged, and water added to the column
collected above the fines during many leaching cycles. Although
Static Tests with Gravels and Sands the results from this column are reported, they will not be used in

the mass balance comparisons that follow.

Five splits of the sand fraction, each approximately 20 g, were One-hundred-milliliter aliquots of artificial rain water were
added toseparate beakers. To each of three sampl&smL of added to each column in a manner than would provide a wet and
cold, deionized, distilled water per gram of sample was added aral dry period each 4 months while still maintaining the annual
put on an orbital shaker at 150 rpm for 20 min, 2 h, and over the falaof 94 cm found throughout much of the CoaliAlene
weekend. After the designated time, each slurry fiéered Basin. The first wet-dry cycle consisted of 21 leach- ingth
through aWhatman glass fiber filter, and the filtrate was titrated leachings 1 through 14 being the wet period in which leachant was
using an automatic titrator (Mettler DK11 and DV103). Thegenerally added every 2 ordays. During a simulatedain-on-
effluent was analyzed for metals by ICP and sulfate by IC agnow event (leachings 9 through), twice the volume deachant
described above. Water heated to just below boiling (€88t the  was addedevery other day.Leachings 15 through 19 simulated a
elevation of Salt LakeCity, UT) was added to two samples at a gry period with a simulated summer thunderstorm (leachings 16,
liquid-to-solids ratio of2.5 L/kg. After being shaken for 20 min 17, and 18) occurring in the middle of the dry period. Leachings
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22 through 42Zonstituted the second wet-dry cycle with rain-on- gravel fraction.

snow events simulated by leachings 28 through 30 and a summer
thunderstorm simulated by leachingfs, 36, and 37. Thieachate
from eachaddition was allowed to flow down through the column
of material by gravity and was collected in an ogdeh, acid-
cleaned, HDPE bottle. These columns were designed to simulate
the chemistry of leachate from an unconfined surface pile of waste
material flowing into an aquifer. Since any ferrous Fe in the
leachatewould be oxidized in the open bottles, these column tests
best simulate leachate flowing into an oxygenated aquifer.

The leachate that drained from each aliquot addition was
processedbefore the next aliguot was added or within 4 days,
whichever came first. The collection bottle was not cleaned
between leachate collection from subsequent aliquot additions. For
eachleachate, an aliquot was taken, and pH was measured using a
Ross combination electrode attached to an Orion EA 940 meter
that had been calibrated with pH 4 and pH 7 buffers. The
remaining sample was filtered through an acid-cleaned, 0.4-um,
47-mm polycarbonate Nuclepore filter held in an acid-cleaned
Nalgene polysulfone filter holder. One fraction for ICP analysis

was transferred to an acid-cleaned, 60-mL HDPE bottle to whicllautogenous milling) for 15min.
eightNo. 55-size balls (diameter 2.5 cm) for 50 min.After each

Fisher Tace-Metal Grade nitric acid was added to achi&deM.
An additional aliquot was transferred to a 30-mL HDPE bottle and

In the second set of tests, gravity, magnetic, and
flotation separation methods were tested to maximize the remova

of metals from the fine fraction.

Separation of Fines and Sands from Gravels

This experiment was designed to determine the treatment that
minimized the initial release of metals from the gravel fraction after
tind sand fractions had been removed. The relationship
between the amount of metal released from the treated gravels anc
the amount of fines and sands remaining on the gravels was also
examined. A subsample of the original composite material (-25.4
mm) was initially dry screened to produce 16 aliquots weighing

between 9M36hd. One aliquot (GS1) did not undergo any

additional processing after it was split (table 1). Since a significan

amount of dust was generated during splitting of the dry-screened
gravel, another aliquot (GS2) was placed on a 1-mm screen within

a vibrating, percussion, grain-size analyzer (Ro-Tap) for 15 min.

In two experiments, aliquots GS5 and GS6 were not initially

screened prior to mineral processing. Aliquot GS5 was tumbled
Aliquot GS6 was milledvith

treatment, the gravel was poured onto a 1-mm screen, and any dus

submitted for IC analysis. in the interior of the milling apparatus was brushed onto screen.
The seceen apparatus was then placed in the Ro-Tap analyzer for
15 min. The -1-mm materiatollected at the end of these
experiments included both the amount of dust adhering loosely to

Two humidity cells were loaded with 300 g of the sample fines the gravels and the amount generated during processing.
(-0.3 mm), separated during large-volume wet screening of the Threeexperiments utilized the Sweco vibrating 1-mm screen.
original composite material. This sample size was chosen to obtaithe gravels were washed with pressurized tap water, which was
a bed depth of 40 mm in each cell, which allowed the sample to be ectadlin the underflow along with the -1-mm material washed
flooded during leaching without overflowing the air lines. The cell off the gravel surfaces. The gravel aliquots used as starting material
and the smple were weighed at the start of the test, at the end diad alreadybeen dry screened to remove any loose dust. In the
each leachingtep, after the dry-air portion of each cycle, and afterfirst wet experiment, aliquot GS3 was simply wet screened.
the wet-air portion of each cycle. The first cycle consisted of 1 day Analogous to the experiment of dry screening after tumbling
of leaching followed by 3 days of dry air, with the goal of idabt GS5), aliquot GS7 was tumbled for 15 min and then wet
removing soluble sulfate minerals from the samples. The entire screened. Analogous to the dry screening after milling (aliquot
apparatus was contained in a constant-temperature chamber. GS6), aliquot GS8 was

All subsequent cycles were 7 days long using a pattern of 1 day
of leaching, 3 days of purging with dry air, and 3 daypuwfjing
with wet air. The leaching cycle wasnducted by weighing the
required quantity of leachant for each cell into individual wash
bottles that could be emptied by squeezing. The leachant was
introduced into each cell through the gas dispersidgre. The
effluent was collected in a wide-mouth Erlenmeyer flask vented to
the atmosphere. The volume and element concentrations of each
effluent were determined. Electrical conductivity (EC) and
oxidation-reduction potential (ORP) were determined by standard
methods (Skougstad and others, 1979). The acid generated during

Humidity Cell Tests

the tests was monitored using three separate techniques: pH
measurement, titration, and sulfate concentration.
SEPARATION TESTS
Two types of separation experiments were performed. In the

first set, different wet and dry mineral-processing techniques were
used to maximize the amount of fine material removed from the
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Table 1.—Procedures used to test separation of fines and sands from gravels

Experiment Treatment Procedure
number Initial Ro-Tap SWECO Final Ro-Tap Wet-screened material
DRY TREATMENTS
GS1 .. Splitonly ...............
GS2 ... Ro-Tap ................. X-F
GS5 ... Tumble, 15min .......... F
GS6 ... Mill, 60min ............. F

WET TREATMENTS WITH TAP WATER

GS3 ... Wetsieve ............... X X-F
GS7 .o Tumble, 15 min; wet sieve . . X X-F
GS8 ... Mill, 50 min; wet sieve ... .. X X-F

WET TREATMENTS WITH DISTILLED WATER

GS16 ................. Impeller,1min ........... X F
GS15 ... Impeller,5min ........... X F
GS13 ... Bottle roll, 1220 min ........ X F

X Procedure used as treatment.

F Method to determine fines after treatment.

X-F Procedure used as treatment and also method of determining fines after treatment.
*Control sample, no separation.

milled with balls for 50 min and then wet screened. In each matrix itself. Static bottle roll tests were used to indicate the success
experiment, the pH of the underflow was measured, and a sample of the treatment in removing the soluble salts. The treated dry
was filtered through a 47-mm, 0.4-um posize, Nuclepore  gravels (aliquots GS1, GS2, GS5, and GS6) or the treated wet
polycarbonate filter and collected for cation and anion analysegravels (aliquots GS3, GS7, GS8, GS15, and GS16) w#ren

The amount of fines generated during the treatment was determined each split into five subfractions. One of these five subfractions wa:
by filtering the remaining underflow onto paper filters and hen rolled in a bottle with2.5 L of cold, distilled water per
reweighing both filters after drying. kilogram of solid for 2 h. All the wet material from the bottle roll

In two experiments, two aliquots (GS16 and GS15) were placed treatment (aliquot GS13) was subjected to a second bottle roll test.
in 2 L of distiled water in separate buckets and mixed The decant was filtered and analyzed for neutralization potential,
continuously with an impeller mixer for 1 min and for 5 min, anions, and metals. The solids recovered during the static bottle
respectively. The liquid from each bucket was decanted separately, roll tests were also measured in most experiments.
and some ofhe decant water was used to transfer the respective
material out of the buckets. The wet solids from each experiment Separation of Metals in Fine Fraction
were thenscreened through a 1-mm screen. It appeared that the
film of water onthe surfaces of the gravels was as turbid as theGravity Separation Test
decant water. All decant water from each separate experiment was
combined, and the pH was measured. Cations, anions, and the 25@-g subsample of the fine fraction produced from both
amount offines recovered were determined in a manner similar tdatches of the large-scale, wet-screened original composite material
experiments with aliquots GS7 and GS8. was separated on a Vanner gravity separator with the table

In the last experiment, 166 g of aliquot GS13 was placed in &alibrated with a tilt between I.@nd 2.5.

1-L bottle with 414 mL of water. The bottle was rolled for 2 h and

the liquid decanted. The solids were then rinsed with a smaMagnetic Separation Test

amount ofdistilled water. The decant was filtered for metal and

anion analyses, and the mass of fines on three Nuclepore filters was A 104.6-g subsample of the fine fraction from both batches of

determined by weighing after drying. This first bottle roll wasthe large-scale, wet-separation was placed in a 600-mL beaker with
considered the treatment. 500 mL ofwater processed through a reverse osmosis cartridge.

In this set of experiments, the initial release of metals from thénionic surfactant 7 was added to the slurry and stirred for 5 min.
treated gravels was emphasized. It is assumed that the initial mefte slurry was then fed to a Davis wet magnetic separator in stages.
release was generated from soluble metal salts that had precipitated
on the surfaces of the gravels or from sands and fines physicalfjotation Tests
adhering to the gravels, rather than from reactions with the rock
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Four flotation tests were conducted on representative por- tions B} (Parkhurst and others, 1980). The solubilities of silica
of the fine fraction from the wet screening. A combina- tion of (Si0O ) and anglesite (PbSO ) in the column leachate from all the
xanthates, promoters, and frothers was added in stages. Flotation fractions and the solubility of ferric Fe minerals in the leachate fromn
times varied from 20 to 3@nin. These tests wereonducted the fines were examined. The leachates from one of the replicate
without grinding, and 5 min of attrition was necessary to break the columns containing the four different size fractions were subjected
agglomeration of particles before the material was conditioned with to geochemical modeling for the first wet-dry cycle. The
flotation reagents. One test was conducted at an unaltered pH ofpdocestng wash water from the separation experiments with the
(flotation test [FSJ1). In thethree other tests, the pH was adjusted gravels were examined for Zn and Pb solubility, while the static
to 9 using Na CQ (FS2) and sodium hydroxide (NaOH) (FS3 and bottle roll tests were analyzed only
FS4). to evaluate anglesite solubility. The thermodynamic constants for
In expeaiments FS4 and FS5, three-step flotation scheme the major elements from the PHREEQE database were accepted.
resulted in a rougher concentrate, two scavenger concentrates, ahlde staility and solubility constants fa€u, Zn, Cd, and Pirom
tailings. A mixture of fine material produced from the large-scale, Paulson (1996) were amended to the database.
wet screening of both batches of original composite material was The ORP of leachates from the column leaching and static bottle
used in FS5. roll tests was not measured, and it was assumed that ORP was
depement upon pH according to the, O,;H O equilibrium. The
GEOCHEMICAL MODELING ORP of leachate from the fines was assumed to be the same as the
ORP of the leachate from the humidity cells containing the same
The olubilities of several mineral phases were examined using fine fraction. If the model for a column leachate did not converge,
the geochemical speciation and solubility model Fe was removed from the model and the model was rerun.
Because alkalinity was not measured, alkalinity for the processing
wash water in which tap water had been used was estimated by
balancing the charge. The liquids from the static bottle roll tests
were examined for anglesite solubility by setting the pH to 4.

RESULTS
ORIGINAL COMPOSITE MATERIAL exhibitedtwo maximums in concentration or was affected by the
small number of individual rocks sampled in the coarsest fraction.
The demical analyses of 10 subfractions from the original Cd concentrations in the sand and gravel fractions were between

composite material, sized by dry screening, suggested changes ir002 &d 0.003 wt % while Cd concentrations in the firretion
mineral and chemical characteristics at 2 &8l mm (figure 1). were less than the detection limit of the analytical method (0.001
Such changes in chemical characteristics suggest possible changes%). Wheoriginal composite material consisted of 61% gravel (-
in metal release. Therefore, the four coarsest of these 10 25.4 +2 mm), 15% sand (2 -0.3 mm), and 24% fines (-0.3 mm).
subfractions become the gravel fraction. Likewise, the three finest The gamue minerals of the three fractions were mostly quartz,
subfractions become the fine fraction, and the three middle-sized with decreasing amounts of orthoclase feldspar, chlorite, and
subfractions became the sand fraction. ouste-like mica. X-ray diffraction patterns for gale(rRbS),

The concentrations of many of the more reactive major elementsphalsite, and possibly magnetite (Fg, O ) were identified in the
(i.e., Ca, Fe, S) in thiine fraction were 50% to 100% higher than gravel fraction, and patterns for anglesite, galena, sphalerite, and
the conentrations found in the sand and gravel fractions (figure 1 possibly hematite, (Fe O ) and massicot (PbO) were identified in the
and table2). Elements associated with gangue minefats, Na, sand fraction. In the sand fraction, SEM analysis detected galena
K, and Al) and Mn showed less tendency to be concentrated in the as discreet grains around the perimeter of large gangue mineral
fine fraction (table2). In contrast, Pb concentrations (9 wt %) in Galena was also found as veinlets in fractured quartz grains. No
the smallest subfraction (-0.07 mm) were almost 10 times the Piyrite was observed in the sand samples studied, but the cubic
concentations of the gravel and sand subfractions (figure 1)grain structure of hematite suggests it was present as a pyrite
When the three finest subfractions were averaged, Pb oxidation product.
concentratdns in the fine fraction (5 to 6 wt %) used in the static
and kinetic experiments were five times the Pb concentrations of
the sand and gravel fractions (~1 wt %).

Cu concentrations in the fine fraction were also higher than
concentations in the sand and gravel fractions. Zn and Cd
exhibited a pattern different from those of Cu aR®. Zn
concentations in the sand fraction averaged al66 wt %. Zn
concentrations belon0.6 mmdecreased with decreasing size to a
value of about 0.3 wt % fqrarticles less tha@.07 mm. Zn was
also enriched in the coarsest fraction. It is unclear whether the Zn
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Sphaleite was observed as large-sized grains. The trace composition of the original composite material used in the
components of the fine fraction detected by x-ray defraction following tests.

included magnetite, hematite, massicot, and galena. Galena was

observed by SEM as individual grains associated with limonite and STATIC TESTS

the pyrite with limonite and/or hematite. Sphalerite was observed

as individual particles. Zn was also associated with an unidentified The graveland sand fractions were subjected to a 2-h leaching

Fe-Al oxide. test with cold distilled water. The leachate was tested for both
metals and sulfate, as well as for the acidity of the leachate (table 3).
CORE SAMPLES FROM SPECIFIC LOCATIONS More metls were leached from the sand fraction than from the

gravel fraction, except for Al andPb. Thesand fraction was also

The elemental composition of samples taken from individual subjected to four other leaching treatments using cold and hot
sites was examined to determine variability of metal concen- distilled water for varying contact times. In general, increasing the
trations in the three size fractions among sites and with deptltontact time increased the amount of constituents leached.
Such variability must be considered when devising a system to However,MassCu, Zn, Pb, and SO were released when
treat material having a mixed composition. Exact sample locatiorcontact withcold water was increased from 2 h to 2 dayghen
no longer has any significance because the area has been excavated. results of the cold water leachings are compared to the hot we
The samplesvere renumbered for thiRl, with sample 1 being dachngs, no consistent differences were observed for the major
from the most upgradient position within the reach. In three cat{Bhn<a, and Mg), Al, andin. Only small differences were
upgradient locations, only minor differences were found between ergbdfor Cu, Zn, and Sg . The hetater leachings at both
the fractionation of mass in the upper and lower halves of the cores. contact times leached considerd®ly Fmreand Sthan the
There seemed to be a gradation toward finer material with distance cold water leachings. Because the release of Si may indicate a
downstream. The percent- age of gravel decreased from 68% at the attack on lattice minerals, hot water leaching was not chosen fc

location most upstream to 43% at the location farthest downstream. fustherBecause the 2-day cold water leaching seemed to leach
In contrast, the percentage of sands increased from 25% at the most less constituents ofZinfeGest Pb, and SO ) anuore Si
upgradient location to 52% at the most downgradient location. than did the 2-h cold treatment, the 2-h cold water leaching was

In general, the elements associated with the gangue materiahosen as the test to determine the efficiency of the separation of
(Na, K, and Al) did not vary greatly among sites, with depth, or as fines and sands from gravels.
a function of size fraction (not shown). Elements associated with The release of acidity was examined in all three fractions using
sulfide minerals shwed much greater variations. In different methods. The gravel and sand fractions were subjected to
samples 1 and 3, Fe and S increased with decreasing size and did a distilled water leaching test, after which the Itiacihate was
not vary with depth (figur@). Both S and Fe were low in sample with base to&8l toprovide an estimate of the acidity released
4. Sample 2 exhibited little variation in S with size, but there wasrom their surfaces. The fine fraction was subjected to acid
a two-foldincrease with depth, with S concentrationsldf wt % reatment, and the leachate was then titrated. The amount of acid
in the lower section of sample 2. Fe in the lower section of sample originally added to the test solution was subtracted from the
2 followed the general trend of higher concentrations in finer owm of base titrated into the leachate at the end of the test to
material. The highest Zn concentrations were found in the lower determine the amount of acid added or consumed by the fines
section of sample 2, but no differences were seen among tl{@eutalization potential oNP). The acidreatment of the fines is
different size fractions. Upon revisiting the site prior to excavation, considered a harsher treatment than the distilled water treatment
we found that the core barrel at this location had bored through a used for the gravels and sands and is thought to dissolve more acic
large piece of wood half way down there. Perhaps this piece of consuming minerals in the rock matrix.
wood had acted as a barrier to downward water movement and During these short treatments, all three fractions released acid
may have precluded any oxidation products from being washed rather than consuming acid through neutralization by basic
away. Inmost of the other samples, a maximum in Zn was nemals. The sand and gravel fractions released considerable
observed in the sand-sized material (-2 +0r8n). Pb amoants of acidity (table3), probably through the dissolution of
conaentrations in the -0.3-mm material were dramatically greater Fe and Al hydroxy sulfates (Nordstrom, 1982) present on mineral
than in the coarser material of samples 1 and 3. Pb concentrationsrfaces. For the aged fines studied, the harsher acid treatment

in sample 4 were low in general. during the determination of NP reflects both the acid produced
The variability of the mineral and chemical characteristics of thdrom surface precipitates and the base generated by dissolution of
material being processed can have an effect on the overall basic minerals in the rock matrix. Therefore, the dissolution of the

performance of the treatment process. Whatever the reasons for basic minerals dramatically lowers the acidity produced by the fines
these metal distributions, it seems likely that the Zn and S (observed as a negative NP) when compared to the method usec
concerrations in the lower section of sample 2 skewed the for the sands and gravels, which
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Table 3.—Results of static tests for gravel and sand fractions, milligrams of element per kilogram of solid

Treatment Element SO, Acidity,*?
Na K Ca Mg Al Fe Mn Cu Zn Pb Si mg CaCO,/kg
GRAVELS (-25.4 +2 mm)
Cold,2h........... 2.2 22 10 25 1.6 0.75 7.5 022 30 23 12.5 131 240
SANDS (-2 +0.3 mm)
Cold,20min ........ ND 24 29 35 <0.9 0.3 12 0.6 43 12.3 <25 175 163
Cold,2h........... ND 21 30 4.7 11 2.1 15 0.5 47 18.7 4.3 209 195
Cold,2day ......... ND 35 23 7.3 <0.9 6.3 11 0.2 25 17.0 35 179 300
Hot,20min ......... ND 16 23 2.8 <0.9 0.7 11 0.3 39 24.5 13 185 253
Hot,2h............ ND 29 30 4.3 <0.9 4.5 15 1.0 44 28 43 235 280

20 min cold treatment on gravels yielded acidity of 205 mg CaCO./kg.
220 min hot treatment on gravels yielded acidity of 290 mg CaCO,/kg.
ND Not determined.

does not include rock matrix dissolution. When the acid would beproportional to their mass contributions in the original
potentially available (AP) from the oxidation of sulfide S in the composite material. By comparing weighted-average values to the
fines is included (tables 2 ant), the netneutralization potential concentrations of columns containing original composite material,
(NNP) of the fine fraction is even more negative. These the effect on metal release rate from only the segregation process
measurements suggest that all three fractions contain easily could be ascertained. The weighted-average values would simulat
dissolvable, acid-generating, secondary minerals that have a treatment process in which all solid material was left on site.
persisted, even after being subjected to the original wet-screening The average water balances for the three sets of triplicate

separation process. columns and for the fines column are shown in figure 4. Retention
of water by the test material and evaporation resulted in water
Table 4—Results of static tests for fine fraction, recoveries less than the volume added. Over 350 mL was retained
milligrams of CaCo per kilogram by the columns containing the semidry original composite material
before any water was recovered. Oc- casionally during the wet
S”, wt% AP NP NP/AP NNP cycles, there was carryover from previous leaching cycles, resulting
022 oo 6.88  -6.66 0.97 -13.53 in water recovery greater than the amount added. For the three
022 it 6.88 -6.81 0.99 -13.69

fractions segregated by wet screenidd)6, 0.1,and 0.55 Lwere
initially drained from the gravel,sand, and finecolumns,
respecively, after the fractions had been packed into the columns.

022 ... 6.88 -6.55 0.95 -13.42

AP Acid potential.
NP Neutralization potential.

NNP  Net neutralization potenital (NP - AP). After the columns were initially drained, the pH of the
segre@ted columns was about 4 (figuréd)5 The pH of the
KINETIC TESTS leachatefrom the sand columns remained betwe8 and 4.0
throughout most of the first wet-dry cycle and the second wet cycle
Column Leaching Tests except forthe first leaching in the dry period (leaching 16) in

which column S1 had a pH of 2.89 (table 11). Duringstheond

Triplicate 7-kg samples of the original composite material ancdy period, the average pH in the sand columns decreased to 3.4.
the gravel fraction, and triplicate 5.5-kg samples of the sand he leachate from the gravel column decreased to about pH 3.5
fraction were packed into nine columns. Because of samplénd remained at that level throughout the entire experiment. In
limitation, only one full-height column and one half-height columncontast, the pH of the leachate from the column containing fines
contairing the fine fraction were packed (tables 5 through 15).decre:$ed to abouR.7 during the first wet period and increased
Columns were leached for 259 days with artificial rain water@fter each dry cycle. When water was recovered from the columns
through 42 leachings that included two wet-dry cycles, eachcontaining the original composite material (fourth leaching), the pH
simulaing a wet period (with a rain-on-snow event) and a dryOf the leachate was abdBi3 andremained fairly constant. After
period interrupted by a summer thunderstorm. The half-height0 days, the pH of the leachates generally followed the order—
column of fines (designated F1) clogged, resulting in ponding of ) o ] ]
leachant. Therefore, this column is disregarded in all future Fines < original composite material < gravels < sands.
discussions.

Based on the mass contribution of each of the three fractions,
weighted-average leachate concentrations were calculated for each
element. In the absence of any change in the interaction between
hydrology and geochemistry, these weighted-average values are the
concentrations of leachate that would be expected if one volume of
waste material (unit height times surface area) was segregated.

Three piles of unit height would be generated so that their areas
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Table 5. - Results of original materlal column, T1, slemental concentrations in milllgrams per llter

teaching Leaching Periodin Leachate pH Na K Ca Mg Al Mn Fe Cu Zn Cd EEE Cl
time, cycle  recovered,
days L

4 20 Wet 0.0524 308 1623 18 380 88 247 296 144 148 1620 115 1.7 75 1760 NA
5 24 Wt 0.0817 318 116 14 220 4B 141 156 33 8.2 1010 720 24 &4 1040 4.0
B 27 Wat 0.0811 310 9.5 14 194 44 106 139 Z26 6.7 823 604 05 5% B8VB «0.5
7 32 Wat .0878 309 85 16 156 2B 20 117 13 66 751 518 0.F 57 789 88
8 35 Wat 0.0938 3.24 NA NA HNA NA MNA MNA MNA 59 710 5.06 2.2 NA 686 <05
g9 38 W-RS 0.1773 3386 MNA NA MA MA MA MA NA 56 811 431 1.6 NA £86 <05
10 40 wW-RS 0.1732 3.28 MNA NA HMNA MNA MA MA MNA 5.1 572 3.84 27 NA 314 <05
i1 42 W-RS 0.1866 321 52 18 102 22 58 &4 08 5.0 521 34 26 60 536 <05
12 45 Wet 00957 324 41 12 88 1B 45 57 0.8 47 445 3.1 2.4 A7 446 <05
13 47 Wet 0.0983 331 4.0 2] 86 15 50 56 04 4.4 450 3t 19 49 265 <05
14 49 Wet o.0910 Ay 27 16 81 14 44 46 0.6 4.0 405 2.8 13 48 416 <05
15 56 Dry 0.0726 3.25 AF 17 &7 13 48 ] 0.5 44 429 29 16 53 466 <05
16 84 Dry-T3 0.0425 a1s 38 17 118 28 75 87 0.8 B85 732 50 21 83 637 <05
17 ar Dry-TS 0.0697 3.22 37 19 13 29 32 87 13 80 926 6.0 21 66 B09 <05
18 81 Dry-TS 0.0635 3.25 841 16 143 33 94 o7 10 79 100 6.3 26 680 BE2 &0
19 125 Dry 0.0402 3.28 &8 16 1560 a5 119 114 10 83 1120 7.2 24 70 538 NA
20 130 Weat 0.0842 318 52 i8 128 32 111 95 0.9 83 1070 7.0 26 66 927 5.2
21 132 Wet 0.0856 428 46 18 107 27 104 73 o2 JF7 by 6.1 20 63 784 NA
22 136 Wet 0.0862 322 46 15 98 26 93 865 19 8.7 B&’77 5.8 1.7 83 718 50
23 139 Wet 0.0869 azs 43 14 9N 25 a1 B2 34 T3 B16 53 19 &7 &78 238
24 143 Wet 0.0881 332 38 16 Ve 23 112 59 42 83 722 4.7 22 59 584 37
25 146 Wet 0.0893 NA NA NA NA NA NA, NA MA WA WA NA NA NA HA  MNA
28 181 Wet 0.0713 314 19 14 ral 20 79 54 17 64 713 4.7 28 65 6532 <10
27 154 Wet 0.0705 337 20 13 71 20 73 47 12 E8 704 4.4 23 B85 592 43
28 157 W-RS 0.1748 322 18 12 &t 21 Fi 15 10 54 &02 3.8 21 57 520 45
22 159 W-RS 01871 i3 148 1 50 13 47 33 089 58 508 a3 18 B 420 M

30 161 W-RS 01802 339 14 10 37 10 36 24 09 48 372 2.3 1.4 50 314 <10
ai 164 Wet 0.0838 337 13 12 a3 10 35 24 14 38 326 23 29 B2 290 <10
3z 166 Wet 0.0806 351 12 10 i 8.0 32 21 21 38 308 1.8 33 B2 254 =10
32 168 Wet 0.0863 328 12 1 29 8.7 31 5] 13 40 315 1.8 24 B4 280 =10
34 175 Dry 0.0781 NA& 1.4 11 az 1" 38 25 17 440 33 2.2 3.0 58 292 <10
a5 203 Cry-TS 0.0524 3498 20 13 49 18 46 35 16 21 398 2.5 2.1 81 356 NA
36 206 Cry-T5 0.0892 318 21 12 46 17 45 33 22 47 433 2.8 3.1 81 385 NA
a7 210 Dry-TS 0.0878 319 43 13 49 19 53 34 20 46 436 2.8 25 B0 335 NA
38 245 Dry 0.0414 322 53 17 73 28 71 52 28 54 585 36 25 B2 518 NA
38 250 Wet 0.0830 335 45 15 44 22 g2 44 25 55 4 31 22 55 431 NA
40 252 Wet 0.0824 3.32 21 B0 37 B8 a 14 52 541 3.8 2.8 57 502 NA
41 257 Wet 0.0845 325 490 16 56 20 58 43 14 56 523 3.4 3.2 BE 472 HNA
42 259 Vet 0.0830 323 28 119 46 20 58 41 0.8 49 457 3.0 34 53 410 NA

RS- Rain on snow.
TS- Thunderstarm.
NA- Mot analyzed.



Table 6. - Results of original materlal column, T2, elemental congentrations In mitligrams per |iter

Leaching leaching Periodin Leachate pH Na K Ga Mg Al Mn Fe GCu n Cd P & S Cl
time, cycle  recovered,
days L
5 24 Wel 0.0842 340 13 14 271 65 188 206 0.8 8.2 1340 978 1.7 61 139G <05
6 27 Wel 0.0811 335 o7 15 199 47 112 150 0.6 B.6 957 6.88 1.7 57 990 NA
7 32 Wel 0.0626 324 108 19 180 3B 102 141 06 7.3 o911 &23 0.9 82 920 HNA
8 35 Wel 0.0580 A36 MA NA NA NA  NA WA NA 6.6 845 5.83 26 MNA  NA =05
9 as W-RS 01518 344 NA NA NA NA  NA NA NA 0.4 426 291 1.2 NA 197 <05
10 40 W-R3 01726 340 MNA NA NA NA  NA NA NA& 50 559 3.85 3.0 NA 483 <05
1 42 W-RS 01781 334 48 14 B5 18 47 54 11 45 443 34 2.4 44 435 <05
12 45 Wet 0.0741 337 44 11 B9 18 a2 58 0.3 51 481 3.8 1.7 49 484 NA
13 47 Wet 0.0766 340 2.8 9 BS 15 47 58 0.1 51 465 a.2 2.3 49 228 <05
14 49 Waet 0.0892 329 2.7 15 82 14 45 48 03 43 415 3.0 1.3 52 433 <05
15 56 Dry 0.0712 335 386 19 87 14 52 49 03 50 458 R 1.7 56 489 <05
18 B4 Dry-T5 0.0235 326 2.9 15 106 24 /7 KL 03 77 80O 5.3 22 BE V29 NA
17 87 Dry-TS 0.0782 33 232 18 N2 27 93 76 07 80 8B) &7 1.9 67 786 NA
18 9 Dry-TS 0.0414 334 80 21 138 33 118 95 1.0 8B 1050 &8 3.2 72 807 =05
18 125 Dry 0.0028 33 61 20 146 40 151 122 0.9 106 1300 86 31 74 1130 NA
20 130 Waet 0.0908 323 44 18 114 34 124 ga 0.7 88 1070 7.0 27 B2 825 36
21 132 Wet 0.0944 338 44 221 a1 126 74 0.8 86 974 8.3 25 B7 827 HNA
22 136 Wet 0.1053 a3 a9 16 90 33 108 T2 08 75 915 5.9 2.8 B8 Y74 40
23 139 Wet o162 332 41 18 82 e7 a6 61 1.1 83 828 55 24 B8 699 <1.0
24 143 Wet Q.0867 3.3 35 14 70 25 134 61 12 659 753 4.6 1.8 63 822 35
25 148 Wet 0.0909 3.35 3.9 18 65 23 3] 94 2.5 6867 673 4.5 27 63 593 41
2B 131 Wet 0.0773 318 1.8 13 E1 21 84 52 0.8 68 684 42 1.2 68 570 40
27 154 Wat 0.0685 NA 20 7 59 24 a9z B2 1.2 6.1 §47 4.2 1.5 40 BYE 541
28 157 W-RS 0.1611 32 15 10 45 19 89 13 09 52 508 33 18 61 448 37
29 158 W-RS 0.1546 328 1.3 11 a2 10 Kl 24 0.4 351 371 23 15 51 320 «1.0
30 161 W-RS 0.1922 41 12 Q0 25 a3 3z 18 04 42 285 1.8 2.1 44 247 <10
3 164 Wt 0.0930 338 13 10 28 10 a9 24 06 43 314 24 30 83 277 <10
32 166 Wet 0.0767 348 1.3 11 28 8.7 kL] 22 1.1 4.8 327 22 1.9 55 280 <10
33 168 Wet 0.0B71 a2 10 10 27 8.8 as 19 0.6 48 3114 2.0 3.2 588 270 <10
34 175 Dry 0.0674 325 14 12 30 12 44 26 D6 45 347 2.4 27 65 313 <10
35 203 Dry-TS 0.0000 NA  NA NA MA Na  NA NA NA  MA  MA NA NA NA  NA NA
36 206 Dry-TS 00223 NA  HMNA NA NA NA  NA MA NA  NA Ma MNA NA NA MA  NA
a7 210 Dry-TS 0.0814 .24 48 12 4] 20 64 34 3.0 5.8 489 30 2.5 59 409 NA
38 245 Ory 0.0331 321 44 15 47 26 ad a7 2.6 bse 563 33 2.3 86 491 A
39 250 Waet 0.0815 .35 82 17 62 26 6B 60 2.8 60 €25 38 1.8 59 552 NA
40 252 Wet 1.0900 amn 15 40 22 G4 43 1.8 4.8 448 2.4 31 53 406 NA
41 257 Wet 0.0862 d.28 2.9 13 38 18 53 41 2.2 51 424 27 2.4 52 397 MNA
Az 259 Waet 0.0943 327 22 14 a3 1B 52 35 1.1 44 383 25 2.9 48 341 NA

RS- Rain on snow,
TS- Thunderstorm.
NA- Not analyzed.
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Table 7. - Results cf original materlal column, T3, elemental concentrations in milligrams per liter

Leaching Leaching Periodin Leachate pH Na K Ca Mg Al Mn Fa Cu Zn cd Pb Si S Cl
tims, cycle  recoverad,
days L
4 n Wet 0.0539 333 136 13 326 75 187 257 09 1141 1570 114 0.8 &1 1480 NA
5 24 Waet 0.0786 336 135 16 277 @1 177 182 06 8.8 1350 967 1.2 65 1350 <05
8 27 Wet 0.0825 328 107 14 216 53 130 171 07 B3 1100 801 1.0 58 1090 NA
7 32 Wet 0.0631 3.27 10e 12 193 29 110 163 06 8.5 989 689 0.8 &1 1003 NA
8 as Waet 0.0842 332 NA NA NA NA MNA NA NA 74 B3B8 610 30 NA  NA <05
9 ag W-RS 0.1497 338 NA NA  NA NA MHA NA NA 1.6 B34 454 27 NA 294 <05
10 40 W-RS 0.1698 337 NA NA  MA  NA MA NA NA 57 8B40 446 26 NA 50D <05
11 42 W-RS ¢.1701 327 485 18 /M 20 50 57 04 51 474 332 24 50 488 <05
12 45 Wet 0.0702 33 38 12 B3 17 46 a5 03 51 444 35 22 48 424 NA
13 47 Wet 0.0722 338 34 4 76 13 40 51 01 50 415 3.0 2.2 43 133 <05
14 43 Wet (.0922 326 24 183 72 12 40 L) 05 43 366 26 1.7 52 379 <058
15 56 Dry 0.0788 332 28 18 7 N 41 37 03 46 380 28 1.6 B4 408 =05
16 a4 Dry-TS 0.0702 315 2B 15 76 18 63 55 04 64 599 4.1 28 58 534 NA
17 a7 Dry-TS 0.0878 331 23 14 83 21 70 56 0.6 7.0 BB6 43 2.5 B4 5BE NA
18 H Dry-TS 0.0504 333 43 17 96 25 86 &7 0.9 77 806 52 2.3 B8 707 <05
19 125 Dry 0.0319 336 41 16 93 28 91 a7 07 76 928 5.0 A4 B8 791 NA
20 130 Waet 0.0934 319 45 18 B7 32 95 &0 07 7.1 898 Ge 2.8 87 766 <10
21 132 Wet 01010 336 40 19 78 27 104 63 0B 77 816 52 21 B4 g9 1.0
22 136 Wet 2.1111 330 38 13 71 27 85 60 08 B7 766 4.9 2.5 B4 B25 4.0
23 129 Wet 01227 332 40 16 84 22 76 . &3 1.0 7.1 594 44 35 B85 EBE 47
24 143 Wet 0.0927 336 32 14 53 19 95 48 1.0 62 609 4.0 1.7 81 496 <10
25 146 Wet ©.0984 336 3 15 44 18 55 36 089 53 482 32 22 56 402 «1.0
26 181 Wet 0.0850 320 14 12 41 15 53 35 11 51 482 30 25 B0 395 <10
27 154 Wet £.0579 323 16 12 40 14 51 30 1.0 54 489 3.0 23 g0 393 38
28 157 W-RS 01562 NA 13 11 34 16 a0 NA 4.7 AT 408 24 1.3 588 381 <10
29 159 W-RS 01649 33 1.3 M 28 10 4 22 0.8 51 347 20 2.6 56 282 38
30 161 W-AS 0.1863 342 11 8 20 7.4 25 16 0.7 40 248 14 21 45 213 <10
31 164 Wet 2.0930 341 1.3 140 23 9.2 32 22 1.2 40 274 1.8 2.6 84 245 <1.0
az 166 Wet 0.6306 348 11 12 2 8.1 28 17 1.4 3.7 282 1.7 33 B2 226 <10
33 168 Wet 0.0913 328 1.0 M 20 76 26 17 08 37 252 1.8 3.4 54 220 <10
34 175 Diry 0.0844 330 13 10 22 1 2 22 4.7 38 278 1.8 37 B8 248 1.0
a5 203 Dry-T8 0.1163 NA  NA  NA  NA  NA NA MA NA  NA  NA NA MA NA  NA  NA
36 206 Dry-18 0.0872 47 2 12 31 15 45 20 1.8 492 379 22 343 B8 340 NA
a7 210 Dy-15 0.0381 .27 41 13 30 17 43 29 1.2 48 367 23 33 58 315 Na
38 245 Dry 0.0513 324 40 13 35 22 60 40 1.0 4.8 455 27 24 53 394 NA
38 250 Waet 0.0812 332 46 15 36 22 55 48 13 52 470 27 28 58 425 NA
40 252 Wet 0.0239 331 44 14 3% 23 64 48 0.7 50 459 28 26 57 418 NA
M 257 Wet 0.0808 26 36 13 32 2 58 48 0.7 54 488 340 35 57 432 NA
42 258 Wet 0.0347 4.26 29 13 33 57 43 04 47 414 2.8 3.3 54 385 NA

RS- Rain on snow.
TS- Thunderstorm.
NA- Mot analyzed.



Table 8. - Results of gravel column, G1, elemental concentrations in milligrams per liter

Leaching Leaching Periedin Leachate pH Na K Ca Mg Al Mn Fae Cu 2Zn Cd Pb Si &
time, cycle recaovered,
days L
0 1 Craining  0.0113 NA  NA NA 117 34 I 77 06 2.7 3306 253 25 37 384
1 10 el 0.0678 342 82 104 122 26 29 84 3.2 30 345 2.42 24 34 4B
2 13 Wel 00832 363 58 79 87 20 25 51 02 285 294 217 21 28 NA
3 17 Wel 0.0818 403 67 7.3 8s 19 27 & 0.1 33 340 2.28 1.0 33 37
4 20 Wel 0.0947 3860 58 55 B8 20 22 54 05 35 3 218 25 36 316
5 24 Wel 0.0780 3f 51 93 5% 14 2¢ 35 0.2 23 237 1.66 1.0 31 247
g 27 Wat 0.1034 342 33 64 47 12 14 29 02 20 179 1.85 1.3 27 180
7 32 Wel 0.0737 3.50 382 102 50 11 16 30 o1 =28 21 1.6 25 32 22
g 35 Wel 00774 352 NA NA NA NA NA NA NA 20 1B2 117 20 NA 186
g 38 W-RS 01754 379 NA NA NA NA NA NA NA B4 162 111 31 NA 154
10 40 W-HFS 0.1781 3851 NA NA NA NA NA NA NA 14 112 (.74 3.5 NA 8%
11 42 W-RS 0.2036 356 21 66 19 48 54 N NA 13 B85 06 36 17 88
12 45 et 0.0658 362 1.7 43 23 58 66 13 01 15 102 07 3021 m
13 47 Wet 00785 359 20 12 35 59 79 16 0.0 16 122 08 32 25 73
14 49 Wet Q.1137 35 11 83 23 51 B4 13 02 14 107 or 31 25 102
15 56 Dry 0.04358 3.66 15 B4 a0 B2 84 16 01 186 128 0.9 23 30 13r
16 B4 Dry-TS 0.0378 350 22 80 B’ 12 14 28 01 24 232 1.5 32 39 198
17 87 Dry-TS 0.0636 350 1.8 241 45 21 16 28 31 27 2% 1.7 34 40 219
18 L3 Dry-TS 0.0795 343 33 83 4 15 18 32 03 30 2623 1.7 3.1 40 222
19 128 Dry 0.0334 344 32 83 445 17 21 42 03 37 288 2.0 3.5 3F 266
20 130 Wet 0.0987 349 23 81 34 18 18 33 o1 27 282 1.7 3.1 34 22t
21 132 Wet 01012 363 23 93 N 4 2 27 01 11 243 1.6 30 32 210
22 136 Wet (0935 356 21 841 H 15 18 28 02 26 248 1.6 30 34 210
23 136 Wat 0.0857 3857 23 539 29 12 17 26 02 28 230 1.5 25 35 197
24 143 Wet 0.0672 361 19 70 24 11 21 24 0.2 24 187 12 286 30 187
25 46 Wet 0.1023 NA MNA NA NA NA NA NA NA NA NA NA NA KA NA
26 151 Wat 0.0703 346 11 &5 22 10 3 20 02 22 181 1.2 34 33 152
27 154 Wet 0.0600 350 1.0 548 19 83 12 16 01 23 1838 1.0 2.8 32 140
28 157 W-RS 0.173¢% 52 08 42 10 54 69 0.2 2.1 143 85 04 28 17 77
29 159 W-RS 0.1817 3E6 08 23 10 39 52 8.2 01 158 283 04 33 17 75
30 161 W-RS 0.2010 366 09 239 8 37 50 7.4 o1 1.2 7% 0.4 33 18 68
ki 164 Waet 0.0910 365 1.0 28 11 5.1 73 12 01 18 94 06 39 24 85
32 166 Wet (.049% 189 0.9 43 11 54 69 10 01 1.2 104 av 3.3 25 87
33 168 Wet 0.1259 352 19 47 11 56 T2 3.6 02 15 104 0OF 4.4 27 92
34 175 Dry 0.0854 NA t0D 50 13 80 94 15 061 18 125 09 34 32 115
35 208 Dry-TS  0.0431 356 09 &7 21 12 14 22 03 42 24 13 42 33 173
36 208 Dry-TS 0.0912 352 13 43 17 9.3 12 18 086 =22 182 18 3.2 34 180
37 210 Dry-TS 0.0886 346 21 8§46 21 12 18 21 01 25 1 1.4 3.5 36 167
38 245 Dry 0.0462 a4t 31 115 w2 26 38 03 33 308 1 2.3 37 257
39 250 Wet 0.0733 353 21 82 g2 14 186 29 0.2 26 224 14 27 32 193
40 252 Wat 0.0939 353 1.2 74 20 14 17 28 <01 23 208 1.4 23 31 19t
M 257 Wat 0.0845 350 1.0 54 9 H 15 26 01 24 193 1.3 4.2 29 178
Az 258 Wat 0.1103 349 04 a7 16 12 1B 23 0.0 22 178 1.2 34 27 158

RS- Rain on snow.
TS- Thunderstorm,
NA- Not analyzed.
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Table 9. - Results of gravel column, G2, elemental concentrations in milligrams per liter

Leaching Leaching Periodin Leachata pH Na K Ca Mg Al Mn Fe Cu Zn Cd Pb & S a
time, cycle  recoveraed,
days L

a] 1 Draining  0.0370 355 NA NA 113 35 3 81 03 26 380 266 2.7 3B 408 NA
1 10 Wet 0.0533 351 84 117 118 30 33 73 0.2 33 403 274 27 35 4680 4.3
2 13 Wet 0.0246 NA  MNA NA NA  NA  NA MA NA NA HNA NA NA NA  HNA NA
3 17 Wat 0.0854 373 67 74 9 19 Z7 61 2.2 34 349 254 3.0 32 34 1.8
4 20 Wet 0.0000 Na NA NA NA NA NA NA NA  NA NA NA NA NA  NA  NA
5 24 Wet 0.0803 342 45 80 80 14 18 35 <1 23 242 1.56 24 31 226 a1
L] 27 Wet 0.0986 338 34 88 0 13 17 3z 0.4 20 216 152 07 28 212 =05
7 32 Wet 0.1004 337 41 102 83 12 18 33 01 25 248 156 21 34 231 19

] 35 Wet Q.1202 347 NA NA NA NA NA NA NA 22 218 150 34 NA 206 <05
9 38 W-RS 0.2138 372 NA NA NA NA NA NA NA 1.6 204 1338 22 NA 287 <05
10 40 W-RS 0.2958 343 NA NA NA MA NA MNA NA 1.3 107 073 2.9 NA 20 <05
11 42 W-RS 0.2362 345 20 64 20 51 538 12 0.2 1.2 98 06 3.3 17 94 <05
12 45 Wet 0.1000 3582 18 &7 24 51 74 14 G 1.5 118 0.7 32 23 111 <05
13 47 Wet 0.1164 348 18 15 24 51 6.3 15 0.0 1.6 120 (8 23 24 65 <05
14 49 Wet 0.1188 347 1.0 75 23 53 6.7 14 08 18 115 Q.7 28 26 114 <05
15 26 Cry G.08a2 358 1.4 498§ 24 47 74 13 0.1 4 113 0.7 22 25 115 <05
18 84 Dry-TS 0.0437 309 1.8 45 31 95 13 25 1.1 24 203 13 34 368 176 NA
17 87 Dry-TS 0.0797 33 13 85 33 14 15 26 65 33 240 186 27 38 205 108
18 91 Dry-TS 0.1100 342 2.8 100 42 14 16 30 0.2 28 267 1.6 28 40 229 &4
19 125 Cry 0.0507 345 33 1.7 47 18 24 45 0.3 44 368 2.3 32 40 311 NA
20 130 Wet 0.0881 351 23 4.8 34 15 17 32 el 27 283 1.8 31 34 225 <10
21 132 Wet 01092 363 22 122 28 12 18 24 0.2 24 243 16 3.6 33 195 <10
2e 138 Wet 0.0842 328 21 G4 30 13 16 26 0.2 22 248 1.7 28 34 1883 <10
23 138 Waet 0.0554 358 24 71 27 11 15 24 c.2 24 237 3.6 32 34 1985 <19
24 143 Wet o071 362 20 856 22 10 13 22 01 21 203 1.3 28 30 158 =10
25 146 Waet 0.1140 3es 19 89 18 46 12 17 a1 18 173 1.2 30 29 141 <10
28 151 Wet 0.0700 345 10 83 19 87 12 18 02 17 182 1.2 35 32 146 <10
27 154 Wet 0.0845 358 1.0 &7 17 7.3 1 15 (L] 1.9 165 3.1 35 31 135 <10
28 157 W-RS 0.2003 355 08 23 10 47 8.0 8.2 0.1 1.1 83 08 26 18 81 <10
2 152 W-RBS 0.2082 358 08 27 B 36 48 7.6 0.1 1.2 84 0.6 3117 74 <10
30 161 W-RS 0.2002 388 07 23 B a1 43 66 1 1.0 74 Q5 29 18 62 1.0
3 164 Wet 0.0950 368 10 28 10 48 68 11 <01 13 100 06 3.7 24 85 <.
32 166 Waet 0.0498 a7l 08 5.0 10 50 63 3.2 0.1 1.1 108 07 a3 24 80 <1.0
33 168 Waot 0.1287 ase 1.2 3.9 11 46 68 10 o2 13 1o 07 46 27 893 <1.0
34 175 Dry 0.0912 347 11 5.4 13 76 94 12 02 14 138 1.0 35 35 119 «10
35 203 Dry-TS 0.0336 258 08 48 18 9.4 12 17 02 3.0 187 13 3.0 34 154 NA
36 208 Dry-TS 0.0950 kg 15 4.3 1 11 12 12 o2 22 182 14 3.2 3 161 NA
37 210 Dry-TS 0.0953 351 23 48 182 10 15 19 01 22 185 1.4 32 35 155 MA
38 245 Dy 0.0500 338 32 40 2% 19 25 B 03 33 345 2.1 32 45 EVG NA
39 250 Wet 0.0781 355 24 78 21 13 16 29 02 26 252 186 31 32 208 NMNA
40 252 Wat 0.0687 355 08 7.1 & 12 18 25 <01 24 217 15 4.3 30 177  NA
41 257 Wet 0.0771 351 08 &6 17 12 16 25 <01 23 218 16 40 28 184 NA
42 250 Wt 0.1192 352 04 4._2 i5 10 13 21 <0.1 1.8 183 1.3 28 26 154 NA

AS- Rain on snow.
T3- Thundsrstorm.
NA- Not analyzed.



Table 10. - Results of gravel column, G3, elemental concentrations in milligrams per liter

Leaching Leaching Pericdin Leachate pH Na K Ca Mg Al Mn Fe Cu Zn Cd Pb Si 5 <l
tima, cycle recovered,
days L

o i Draining  0.03865 333 MNA Na 115 33 4 80 05 30 35 290 27 39 420

1 10 Wet 0.0570 247 BY 102 3B 30 44 K] 04 36 408 3.26 18 39 509 30
2 12 Wet 0.0910 ass Y1 115 1@ 26 43 Fill 04 39 407 3o MA 34 455 498
3 17 Wet 0.082¢8 ag2 B8 892 1IN 22 48 85 04 51 498 3.44 22 42 BOS  34
4 20 Wat 0.0983 348 7B 891 114 24 42 73 0.3 49 488 3.04 1.9 44 471 A7
S5 24 Wet 0.0854 345 47 7.7 74 18 34 47 g2 32 30 2.27 1.9 37 322 46
i} 27 ¥Wet 0.055% 337 49 v0 59 15 27 39 03 27 284 199 14 35 266 <0.5
7 32 Wet 0.0868 342 43 120 63 13 27 40 1.3 3.5 304 2.02 08 40 300 22

8 35 YWet 2.11682 354 NA NA NA  NA NA NA NA 27 258 165 27 NA 2686 <05
g 38 W-RS 02178 375 NA NA  NA  NA NA NA, NA 3.8 231 1.59 27 NA 100 <05
10 40 W-RS 0.2212 3.48 NA NA NA NA NA Na NA 17 153 102 3.6 NA 117 <05
11 42 W-RS 0.2330 349 19 7+ 22 57 92 13 ¢1 15 118 08 33 20 114 <05
12 45 Waet 0.0883 347 1.7 5.0 25 6.5 10.8 16 o4 1.% 138 1.0 3.2 25 132 HMNA
13 47 Wet 0.1184 349 19 20 2B 57 95 18 o8 1.8 136 089 32 27 52 <05
14 48 Wael Q.1011 342 1.2 73 25 6.0 10.7 16 04 20 136 0.2 27 29 133 <05
15 56 Dry 0.0547 357 19 104 33 66 14 18 01 22 184 1.0 25 35 173 <05
16 84 Dry-TS 0.0430 345 16 78 38 10 17 27 04 24 209 1.4 28 34 188 NA
17 87 Dry-TS 0.0783 343 1.3 a8 50 16 26 34 0.3 35 328 1.8 24 44 B4 G4
18 N Dry-T5 0.1023 346 3.2 1285 60 22 34 49 03 44 422 2.7 35 50 371 5.2
193 125 Dry 0.0546 353 27 84 45 17 28 42 02 33 348 21 28 33 30 MA
20 130 Wet 0.0937 351 22 100 42 20 AN 43 01 32 359 23 24 38 328 <10
21 132 Wat .1033 3.61 26 1i.8 34 i8 38 39 o1 25 380 2.3 30 37 318 «1.0
22 136 Wet 0.0923 358 21 83 33 18 29 35 G2 3D 334 2.2 28 38 277 <10
23 139 Wat 0.0807 358 25 &8 30 14 28 3z 02 35 313 2.2 35 39 255 «1.0
24 143 Wwat 0.0682 357 21 86 28 14 2ag H 01 34 295 18 23 36 239 <10
25 146 Wet 0.1166 361 17 8% 22 12 19 26 g2 27 2313 15 24 34 199 <10
28 151 Wet 0.0711 368 11 55 20 12 23 26 *B] 29 264 1.6 31 35 214 =140
27 154 Wet 0.0938 35 11 35 18 a5 t7 18 01 25 202 1.2 21 33 168 <10
28 157 W-RS 0.2201 362 049 3.0 11 6.3 11 13 oA 1.5 124 0.8 32 22 108 <1.0
29 158 W-RS 0.2117 356 08 28 10 45 7.9 0.8 0.1 1.7 108 0.6 32 20 80 =10
30 161 W-RS 0.2018 364 08 28 8 40 7.3 g5 01 14 85 0B 32 19 83 <10
31 164 Wat 0.0926 3.66 11 34 12 &1 12 14 a1 1.7 128 09 32 28 112 <19
32 166 Wat 0.0544 371 08 36 1o 54 8.2 3.7 03 14 118 07 A5 25 100 <140
33 168 Wet 01252 A56 08 50 12 5.8 10.3 13 VR 18 138 0.9 28 30 114 1.0
34 175 Dry 0.0914 355 11 38 15 8.2 14 18 0.1 1.9 158 11 31 37 144 10
35 203 Dry-TS 0.0308 357 1.0 50 3 13 20 26 02 33 282 16 3.2 43 218 NA
36 206 Dry-TS 0.0921 355 07 64 31 17 3 35 02 38 348 21 32 50 303 NAa
37 210 Dry-TS 0.0921 348 25 85 26 17 34 34 02 38 332 241 2.8 44 274 Na
38 245 Dry 0.04711% 3.4z 32 111 45 28 47 54 05 45 486 3.1 28 45 418 NA
39 250 Wet 0.0740 354 25 68 31 20 35 46 02 40 410 24 28 43 31 NA
40 252 Waet 0.0258 353 1.2 a1 30 18 36 39 02 30 2385 24 3.5 40 320 NA
41 257 Wet 0.0735 352 05 40 19 15 28 32 <01 32 288 19 38 34 247 NA
42 259 Wet 0.119¢ 351 03 42 16 12 22 26 =01 26 237 14 4.0 31 197 NA

RS- Hain an snow,
TS~ Thunderstanm.
HA- Not analyzed.
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Table 11. - Results of sand column, S1, slemental concentrations in milligrams per liter

Leaching Leaching Periodin Leachate pH Na K Ca Mg Al Mn Fe Cu Zn Ccd Pb  Si S
time, cycle  recowvered,
days L

4] 1 Draining 0.0877 4068 NA NA 43 13 08 5.8 <01 04 3 0.28 53 10 7 94
1 10 Wet 0.0556 402 50 73 68 17 1.7 11 =01 06 67 G47 37 18 125 3.3
2 13 Wet 0.0827 404 46 54 74 19 25 13 1 Q0.6 83 0.68 15 20 141 Zz4&
3 17 Waet 0.0919 403 67 25 109 23 4.1 1 0.2 0.9 143 1.m 27 27 202 34
4 20 Wet 0.0917 393 74 41 136 30 47 24 c1 1.2 184 1.28 30 33 247 27
5 24 Wat 0.0950 395 54 80 109 25 5.0 19 =01 0.8 187 1.15 29 30 215 39
E 27 Wat 0.0884 382 5H6 48 116 28 E.D0 22 05 0.9 165 1.1¢ 09 31 233 3z
7 32 Wet 0.0932 392 62 68 126 27 4.6 24 01 15 18 1.30 21 32 285 63
8 35 Wat 0.0931 383 NA NA NA KA NA NA =01 0.8 209 1.29 25 NA 269 52
g 38 W-RS 0.1936 398 NA NA NA RNA NA HA <01 03 83 052 23 NA 471 <05
10 40 W-RS 0.1977 395 NA NA NA KNA NA NA =01 1.0 185 142 33 NA 217 =05
11 42 W-RS 0.1981 38 26 94 B2 1B 38 14 <01 08 185 11 3.3 31 186 <05
12 45 Wet 0.0967 3.6 21 49 B8 14 3.2 12 1.0 08 141 1.0 20 28 154 <05
i3 47 Wat 0.0950 3.8 18 22 69 AR 2.3 12 <{h1 09 145 0.9 28 29 F¥ o o=l5
14 45 Wet 0.0948 382 13 B6 67 10 2.8 1 a5 07 130 09 1.7 31 157 <05
15 56 Dry 0.0717 383 1.8 90 74 10 3.3 1 G4 07 148 1.0 23 32 171 <05
16 B4 Dry-TS 0.0448 289 18 85 21 14 5.6 20 07 1.0 240 1.7 31 38 229 NA
17 &7 Ory-T8 G.0e72 353 14 &8 05 i8 7.3 21 50 15 a5 20 28 472 P86 <05
18 # Dry-TS 0.0850 3.v76 3.2 102 132 20 10.9 27 23 18 arm 25 3.3 47 342 <15
19 125 Dry 0.0558 379 28 108 152 23 16 a3 LA 22 519 3.4 26 48 440 NA
20 130 Wel 0.0867 376 3.1 107 146 26 17 as <01 23 544 3.4 28 48 458 <10
21 132 Woat 0.0930 386 38 13959 1v4 24 22 37 03 01 8694 a4 28 52 541 <10
22 136 Wet 0.0814 375 34 1153 158 26 21 s 0.2 24 628 4.2 25 51 482 <10
23 139 Wet 0.0898 376 35 121 150 23 34 s 27 2468 641 44 1.5 52 504 <10
24 143 Wet 0.0881 377 32 115 135 20 28 3z 0.t 2.5 &08 3.7 18 50 457 <10
25 146 Wet 0.1012 380 27 114 114 18 18 27 02 23 529 35 25 48 403 17

26 151 Wal 0.0888 3¥2 186 74 104 13 15 21 DA 2.2 534 33 20 53 395 <10
27 154 Wat 0.0787 369 17 74 88 13 15 21 <01 22 4893 34 14 52 365 <10
28 157 W-RS& 0.1890 369 12 78 72 10 14 15 0.1 2.0 43 2.8 21 4% 316 <10
29 139 W-RS 0.1905 372 12 70 55 &8 100 1 0.1 2.4 365 2.2 24 48 251 <10
30 161 W-RS {.1965 380 11 94 41 59 a1 10 0.1 1.9 298 1.9 1.1 43 211 <10
31 164 Wet 0.0957 3.81 11 6.1 a6 4489 382 92 0.1 1.7 262 i.8 21 42 187 =10
32 166 Wet 0.0803 384 08 6.4 34 47 T8 2.5 0.1 1.7 268 17 22 42 182 <10
33 164 Wet 0.0958 372 13 78 a8 40 52 7.1 0.1 0.4 278 17 31 45 185 <10
34 173 Dry 0.0849 N& 11 7.0 37 60 108 10 [LR] 29 302 2.0 22 49 212 210
35 203 Dry-TS 0.0447 3688 12 74 51 72 18 15 a1 28 474 30 28 51 37 <10
38 206 Dry-TS 0.0928 364 16 BB 55 Bg 21 15 02 30 512 32 32 57 345 =10
37 210 Dry-TS 0.0938 356 44 116 &8 11 32 19 02 40 588 37 27 38 395 <10
33 245 Dry 0.0518 352 42 120 78 14 42 27 03 32 757 44 33 55 518 <10
39 250 Wet 0.0894 3.57 42 107 78 13 38 30 0.2 36 795 4.4 31 58 540 <10
40 252 Wet 0.0059 356 33 130 78 146 48 33 01 35 830 48 43 57 582 NA
41 257 Wet 0.0915 351 31 87 79 16 49 31 0.2 31 815 43 3.1 56 582 NA
42 258 Wet 0.0994 350 30 102 73 15 47 28 02 25 786 45 27 56 547 NA

RS- Rain on snow.
TS- Thunderstorm,
NA- Mot analyzed.



Table 12, - Results of sand column, $2, elemental concentrations in milligrams per liter

Leaching Leaching Periodin Leachate pH Na K Ca Mg Al Mn Fe Cu Zn Cd EEEEEEEE
time, cycle recovarad,
days L

] 1 Draining  0.1191 413 NA NA 46 13 14 7.0 <01 05 3 03 45 1 B0 a4
1 10 Wet 0.0584 405 5O 53 85 16 1.7 15 <01 0.5 85 044 24 19 143 34
2 13 Wet 0.0918 41 45 5HO0 87 16 2.4 16 0.2 04 75 0.53 25 19 155 28
3 17 Wet 0.0879 408 68 19 145 24 4.3 25 0.1 08 147 108 34 27 234 28
4 2Q Waot 0.0904 388 64 52 156 27 4.2 27 02 08 184 1.24 31 29 284 24
5 24 Wet 0.0840 400 S56 40 141 25 5.0 25 04 05 170 118 15 28 258 <0.5
G 27 Vet 0.0931 am 56 40 158 28 4.7 28 .2 0.5 138 132 i3 30 7S 36
7 32 Wet 0.0892 3.8 58 66 160 28 4.5 ch 02 085 230 1.8 2.1 32 288 B3
B as Wet 0.0917 384 NA NA NA NA W& NA NA D4 223 160 2.8 NA 303 34
9 38 W-RS 0.1858 3.98 NA NA NA NA NA  NA NA (0.8 152 1.04 25 N& B17 <05
10 40 W-RS 0.1983 4.00 MNA NA NA NA NA - NA NA 05 243 157 3.4 WA 237 <05
11 42 YW-RS 0.1923 3.89 25 87 95 16 3.1 15 a1 ¢85 175 1.2 1.9 30 183 <05
12 45 Waet 0.1005 408 18 &4 78 13 24 12 0.1 05 158 1.0 25 28 175 <05
13 47 Vet 01033 403 240 18 78 10 1.3 13 <01 04 156 1.0 25 29 77 <05
14 49 Wet 0.0B51 386 13 72 80 93 22 il 01 03 148 0.9 20 30 16% <05
15 56 Dry 0.0778 3.0 195 83 80 9.1 3 10 0.0 07 150 1.0 2.0 33 181 <05
16 84 Dry-TS 0.0424 330 16 67 115 13 4.1 22 0.9 04 293 1.9 31 39 273 NA
17 B7 Ory-TS 0.0786 3.81 1.4 7.1 134 16 5.5 28 0.y 0B 382 2.4 25 42 321 =05
18 91 Dry-TS 0.0678 381 35 10.1 183 20 A4 34 04 08 804 At 3.5 46 442 «0.5
19 125 Dry 0.0629 384 31 31 %7 23 13 [ o] 04 06 683 39 3.0 47 558 NA
20 130 Wet 0.0961 37 34 115 21 26 14 45 04 09 897 4.1 31 50 576 <14
21 132 Wet 0.0958 3.88 43 112B 222 25 21 42 04 1.5 809 4.5 28 52 B43 <i.0
22 136 Wet 0.0972 380 35 V1 201 27 17 43 04 08 768 4.3 3.2 48 577 <10
23 139 Wat 0.0987 380 34 119 192 23 23 44 03 06 764 4.2 3.0 50 576 <10
24 143 Wat 0.0852 380 34 1B 185 19 20 35 03 04 726 38 2.3 49 520 <1.p
25 145 Wat Q.0960 3.82 29 124 129 16 10.2 27 Gh 03 5BB 34 27 46 424 <10
26 151 Wet 0.0797 377 15 7B 113 11 2.0 19 24 D2 548 29 20 48 383 <1.0
27 154 Wet 00748 370 14 7B 86 11 8.6 20 03 01 504 2.7 14 47 372 <10
28 157 W-RS 0.1850 3¥v1 12 &3 B4 10 8.3 16 03 03 474 2.7 1.0 48 340 =10
28 159 W-RS3 n.t9z22 381 12 7.4 64 8.7 6.2 11 03 08 42 2.6 24 47 279 <10
20 161 W-RS 0.1945 393 11 8B 45 5B 56 10 02 08 I 2.4 28 44 219 <10
31 164 Wet 0.0930 391 11 78 38 4.3 47 B.2 01 05 270 20 23 41 178 <10
az 166 Wet 0.0747 383 10 64 5 42 45 2.3 0.1 02 2GR 1.8 1.9 42 172 <1.0
33 168 Wet 0.0937 380 15 82 35 4.8 91 2.8 <1 20 292 1.8 340 468 201 <1.0
24 175 Dry 0.0808 364 12 78 41 8.0 T4 10 [+R] 0.2 323 22 25 50 220 <10
a5 203 Dry-TS 0.0465 374 11 60 57 6.7 13 13 04 25 432 20 25 49 282 NA
36 206 Dry-TS 0.0877 NA NA NA NA NA NA NA NA  HNA NA  NA NA& WA NA NA
3z 210 Bry-TS 0.0883 3681 45 102 71 25 19 03 09 538 3.2 2.9 59 398 NA
38 245 Dry 0.0506 355 39 118 B 13 33 25 06 04 TIHE 25 3.0 50 491 NA
38 250 Wet 0.0847 362 47 92 59 14 35 33 08 08 848 30 3.8 56 573 HNA
40 252 Wet 0.0932 161 35 1086 98 16 45 35 07y 09 882 39 28 57 619 NA
M 257 Wet 0.0858 380 28 103 95 15 42 N 07 06 82 35 2.2 54 577 HNA
42 259 Wet 0.0995 356 30 32 94 15 40 30 0§ 04 818 33 3.3 54 572  NA

RS- Rain on snow,
TS~ Thunderstorm.
MNA- Not analyzed.
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Table 13. - Results of sand column, $3, elemental concentrations in milligrams per liter

Leaching Leaching Penodin Leachate pH MNa K Ca Mg Al Mn Fa Cu Zn Cd P Si s C
time, cycls  recoversd,
days L

o] 1 Draining 0.0844 3.8 NA NA 48 13 1.4 6.4 0.1 06 34 0.28 56 M 76 105
1 10 Wet 0.0545 3.88 K2 58 80 17 2.0 12 0.c 08 72 0.49 35 1% 143 39
2 13 et 0.0852 408 50 58 82 16 2.8 14 01 05 83 055 1.7 21 148 3.0
3 17 Waet 0.0817 4.05 67 35 131 26 4.5 22 <0.1 t.0 156 1.1 20 2Z¥ 229 27
4 20 Wet 0.0887 3985 64 39 141 2% 53 25 01 3.0 195 1.34 27 30 28B 27
5 24 Waet 0.0B97 389 55 71 127 28 7.5 24 0.1 1.0 188 1.34 3.0 30 255 <05
8 27 Wet 0.08%9 301 54 55 132 29 54 24 61 09 188 1.3 1.1 30 281 42
7 32 Wet 0.0816 399 K7 58 149 28 5.5 30 01 09 224 1.4 20 33 2 5.5
B 35 Wet 0.0792 394 NA NA NA kA NA, NA NA 08 232 1.64 4.1 WA 303 <05
g 38 W-RS 0.1980 397 NA NA  NA NA NA&  NA NA 16 125 089 26 NA 123 <05
10 40 W-RS 0.1934 399 NA NA NA NA NA  NA NA 10 257 158 34 NA 214 <05
11 42 W-RS 0.1909 388 20 74 78 16 3.9 13 01 08 175 1.2 25 29 180 <05
12 45 Wet 0.1046 400 20 67 75 14 33 12 01 08 1M 1.2 30 31 179 <05
13 47 Wat 0.0948 403 18 NA 89 10 1.8 11 <01 07 158 11 1.7 28 72 <05
14 a3 Wat 0.1164 387 1.3 87 72 10 28 10 0.8 07 149 0.9 21 31 169 <05
15 56 Dry 4.0857 392 18 91 87 92 24 12 04 03 158 1D 1.9 31 182 =05
16 84 Pry-TS 0.0563 384 18 74 102 14 4.0 21 <1 0Q7F 258 18 289 37 245 <05
17 87 Dry-TS 0.0822 393 14 65 113 16 58 22 0.2 08 23238 2.2 24 M 280 <05
18 81 Dry-TS 0.0833 387 35 98 154 20 8.5 ao Q.2 11 448 2.8 3.1 48 383 <05
19 125 Dry 0.0513 3ge 31 108 163 21 12 KE] 01 1.2 575 38 27 48 474 NA
20 130G Wet 0.0912 ar0 33 102 181 24 14 38 25 13 593 3.8 2.8 49 483 <10
21 132 Wet 0.0983 3.82 41 142 171 24 24 A5 a1 28 650 4.1 28 54 528 <10
22 136 Wet 0.0946 3.7% 35 102 178 27 21 39 ¢4 1.7 758 47 35 53 579 =1.0
23 139 Wet 0.0905 379 35 118 184 24 31 39 0.5 18 781 46 24 53 542 10
24 143 Wet 0.0848 3.80 441 134 1589 21 az 33 04 16 782 4.6 2.1 55 539 <10
25 146 Wet 0.0928 3.81 30 122 121 17 17 28 ¢4 1.4 80§ 41 22 49 454 <140
26 151 Wet 0.0855 a7e 16 8% 110 13 18 21 0.4 1.3 EBO7 38 26 53 429 <10
27 154 Wet 0.0845 370 15 7.2 §4 13 17 74 4.3 14 554 3.6 1.4 52 413 <10
28 157 W-RS 0.1877 3.7 13 64 75 10 15 16 03 1.8 470 31 2.3 81 347 a9
29 155 W-RS5 01922 ays 1.2 79 57 8.8 1 1 0.2 21 380 25 1.7 47 267 <10
30 161 W-RS 0.1940 384 11 786 &1 6.0 9.7 10 01 1.8 302 21 14 42 219 <10
A 164 Wel 0.0817 84 12 67 as 51 45 9.4 0.1 1.7 294 24 2.1 44 207 <10
32 166 Wet 0.0800 385 140 69 36 5.0 85 286 02 13 290 1.8 15 43 199 <10
33 168 Wet 0.0813 ara 12 87 37 44 O2 78 02 15 286 19 3.0 47 203 <1.0
34 175 Dry 0.0725 T 12 83 43 6.8 13 11 0.3 1.3 347 2.4 27 53 241 <10
35 203 Dry-TS 0.0388 arft t3 83 58 7.8 17 14 06 32 485 27 32 53 316 NA
36 206 Cry-TS 0.0812 66 18 85 63 8.4 17 17 0.4 07 {16 2.5 2.9 53 382 NA
37 210 Dry-TS 0.0000 NA NA NA NA Na NA MNA NA  NA  MA  NA MA NA  NA  NA
e 245 Dry 0.0419 351 532 146 100 16 52 a3z 07 11 916 4.0 31 80 634 NA
3z 250 Wat 0.0814 358 4.6 108 86 14 43 30 09 08 832 37 33 57 573 NA
40 252 Wel 0.0813 156 24 12 84 16 56 35 8 10 B70 4.5 26 58 606 NA
M 257 Wet 0.0895 352 33 104 86 18 61 34 09 12 940 50 28 5% 67% NA
42 259 Wat 0.0957 349 32 113 79 17 56 31 0.7 1.2 898 5.0 28 57 647 NA

RS- Hain on snow.
TS- Thunderstorm.,
NA- Not analyzed.



Table 14. - Results of fine column, F1, elemental cancentrations in milligrams per liter

Leaching Leaching Pericd in Leachate pH Na K Ca Mo Al Mn Fe Cu Zn Cd Ph Si 3 Gl
tima, cycle recovarad,
days L

o] 1 Draining  0.2498 345 NA  NA 45 13 23 17 0.1 0.8 49 o.M 42 13 89 45

1 10 Wat 0.0809 347 48 65 58 15 31 45 <01 0.9 73 053 24 19 143 32
2 13 Wat 0.0529 358 44 58 o1 14 41 48 <01 0.8 &7 0.54 1.2 20 133 28
3 17 Wet (.0330 3.9 53 458 &2 15 5.5 T2 0.1 1.3 24 G861 28 23 158 30
4 20 Wat 4.0321 380 5.1 02 €5 18 88 77 4.2 15 BE 0.2 41 28 178 25
5 24 Wet 0.0326 376 38 &2 S0 13 80 55 1.6 1.0 74 0.56 24 26 138 44
=3 27 Wet 3.0359 360 36 5S4 4B 14 BB 5% 15 1.0 72 043 2.8 25 182 <05
7 k2] Wet 0.0857 350 43 88 47 13 E& 53 14 1.0 B1 04 22 27 142 18

8 a5 Wat 0.0815 358 MA HA NA MNA NA - NA NA 0.6 56 0.29 2.6 NA 160 52
8 k] W-RS 21384 364 NA  HA  NA A NA&  MA WA 0.5 51 0.38 30 NA 183 <08
10 40 W-RS o.18g7 a7z HNA HA  NA MNA NA NA, NA Q.2 49 0.33 14 MNA 140 =05
11 42 W-R5 1829 361 27 B3 33 97y &3 35 88 0.2 43 0.3 34 20 133 10
12 45 Wet 0.0870 380 23 43 3 90 34 M 23 0.3 47 0.3 37 21 0B <05
13 47 el 0.0842 354 23 00 03 82 18 22 65 o4 4z 0.3 1.8 21 87 <05
14 49 Wet 0.0844 278 15 62 28 Bs 21 27 8.4 01 % 02 23 20 114 <05
15 56 Dry 0.0785 312 25 77 &6 77 4B A 14 0.3 48 0.3 3.3 25 117 <05
16 84 Dry-TS 0.0768 323 11 14 5.5 1.5 18 Ly a1 0.3 20 o1 104 3 21 NA
17 a7 Ory-T5 0.0557 304 18 25 47 14 8.4 48 146 0.2 71 0.5 26 34 181 <05
18 i Dry-TS 01144 280 39 74 860 18 10.0 €8 57 0.2 89 0.4 3.1 41 256 <05
19 125 Dry 00956 348 18 07 15 43 33 17 0.5 0.2 31 o1 87 4 56 HNA
20 130 Wet 0.0433 280 36 65 56 22 a0 78 159 0.0 44 05 34 39 284 <10
21 132 Wet 0.0782 64 42 BE 60 20 6.7 70 314 <01 83 G4 24 33 322 45
22 138 Wet 00747 319 38 BO GO 22 5.2 74 308 01 30 04 1.7 38 348 52
23 139 Wet 0.070 313 40 78 & 21 7.0 a4 357 0.1 94 0.2 1.5 40 361 <1.0
24 143 Wet 0.0342 i 72 B8 62 21 ¥3 78 285 <01 90 0.2 1.2 37 388 <10
25 148 Wet 0.0B75 280 a7 741 58 21 45 80 285 01 85 03 1.3 38 331 <10
28 131 wet 2.0459 289 22 B2 a8 18 44 71 247 01 81 0.z 1.2 39 354 <10
27 154 Wat 0.0534 27 20 B1 57 20 46 84 247 01 7T 0.3 40 367 239
28 157 W-R5 00373 2.81 1.8 51 56 20 4.4 73 314 =01 77 o1 e 38 362 <10
29 159 W-RS 0.0315 266 20 57 56 18 41 A9 305 01 78 0.3 08 38 356 60
30 161 W-RS 0.0837 274 21 EB7 56 21 45 84 186 04 78 03 1.5 39 380 <10
31 164 Wet 00627 279 22 5B 56 18 47 a2 211 04 77T Q3 10 38 362 <10
3z 168 Wat 0.0218 296 24 B8 41 13 30 16 2i5 <0.1 55 0.2 1 27 281 10
33 168 Wat 0.1288 281 10 62 54 17 368 70 333 =0.1 77 Q.3 0E 32 363 <10
34 175 Dry 0.2048 261 1.9 64 51 20 35 7B 208 =01 68 01 11 39 353 <10
35 203 Dry-TS 0.3078 277 1.3 43 43 14 21 & 169 1.2 81 Qi 12 35 305 NA
36 208 Dry-TS 0.0653 268 1.1 BS5 36 1" 54 35 21 0.6 63 04 38 33 131 NA
37 210 Dry-TS 0.0808 263 43 90 40 13 ¥1 a3 5.1 0.6 67 G4 41 38 145 HNa
38 245 Dry 0.0601 282 A7 80 43 12 7.5 45 48 01 84 1.7 37 38 196 NA
38 250 Wet 0.0582 282 35 78 33 10 53 38 89 0z 60 1.0 24 33 190 NA
40 252 Wet 0.1004 297 22 B4 29 88 43 a7 160 =01 5% 0B 24 3 207 NA
4 257 Wet 0.0544 29 17 €4 25 7B 38 30 140 <01 44 Q4 36 27 188 HNA
42 258 Wet 0.1497 288 15 541 23 7.1 3.t 27 126 <01 42 0.4 28 77 178 NA

RS- Rain on snow.
TS- Thunderstorm.
NA- Not analyzed.
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Table 15. - Results of fine column, F2, elemental concentrations in milligrams per liter

Leaching Leaching Periodin Leachate pH HNa K Ca kg Al Mn Fe Cu Zn  Cd Pb Si g cCl
timsg, cycle recovared,
days L
a 1 Draining  0.5540 3.83 NA  MNA 53 14 2.6 24 <0.1 0.8 24 048 47 16 18 60
1 10 Wet 0.1079 391 45 50 52 16 31 50 0.1 08 67 048 25 19 138 33
2 13 Wet 0.0986 372 3B 54 48 15 38 57 2.3 07 B4 045 20 19 134 NA
3 17 wet 0.0953 370 58 241 73 19 6.2 §2 8.6 1.1 82 068 3.7 25 197 32
4 20 Wet 0.0471 NA NA NA MA  NA NA NA NA NA  NA  NA NA NA  NA&A  NA
<] 24 Wet 0.0960 3.56 5.0 44 66 19 105 78 18 0.9 91 0.73 3.2 28 203 <05
& 27 Wet 0.0873 346 55 39 87 21 86 85 51 07 Bl 06 1.7 28 221 50
7 32 wet 0.0957 335 641 87 76 2 B4 82 48 08 87 08 1.8 32 223 23
8 s Wet 0.0952 338 NA NA NA  NA NA NA NA Da  BS 064 27 NA 254 63
g 38 W-RS 0.1404 339 NA ha NA  MA NA NA NA 19 61 044 1.6 NA 221 <05
10 40 W-RS 0.1287 333 NA  NA hNA  NA NA NA NA 04 83 0BT 24 NA 260 <05
1 42 W-RS 0.2108 312 54 98 71 23 109 91 96 04 g2 07 22 32 281 <05
12 45 Wei 0.1108 314 42 68 85 21 .1 83 BE 03 77 05 28 30 250 <05
13 47 Wel 0.0955 308 43 27 87 13 78 1 8y 0.3 81 0: 24 N NA <05
14 49 Wal 0.0941 274 35 82 86 17 a8 80 40 02 72 04 16 33 258 =05
15 56 Dry 0.0768 179 42 8.0 74 18 10.2 7% 36 04 7B 05 16 38 265 <05
16 84 Dry-TS 0.0961 275 28 6.4 76 24 18.3 113 58 04 80 05 23 40 314 Na
17 a7 Dry-TS 0.0983 3o 23 74 72 23 6.3 82 514 <0.1 78 04 15 35 484 NA
18 9 Dry-TS 0.0907 284 40 54 B4 23 14.5 104 166 o1 85 0.4 21 43 404 <05
19 125 Dry 0.1087 304 37 74 88 23 165 88 111 01 83 05 33 46 204 NA
20 130 Wet 0.1010 299 39 Y8 72 2 6.5 7 247 <01 88 0.3 28 41 316 <10
21 132 wel 0.1005 300 39 ot 52 17 35 B4 278 <1 62 02 1.7 35 309 «1.0
22 136 Wet 0.1004 266 39 68 g2 19 26 65 189 01 63 0.2 18 34 308 «ip
23 139 Wet 0.1003 288 37 8.9 52 18 36 70 265 o1 85 0.2 03 36 298 34
24 143 Wwet 0.0964 297 49 105 80 19 4.9 74 130 <01 72 01 13 38 318 <D
25 146 Wet 0.0959 2Bg 36 B 51 18 20 0 237 <01 60 0a 1.4 34 278 <10
26 151 Wel 0.0842 2B5 19 &8 21 18 27 60 182 o1 63 0.1 08 38 286 <1.0
27 154 wet 0.0914 NA 17 1256 55 17 5.4 33 81 <01 7t 05 20 40 266 50
28 157 W-RS Q1772 283 18 641 4@ 17 30 58 246 <01 60 0.2 1.2 37 298 <iOD
28 129 W-RE Q.1498 284 17 584 45 14 1.8 51 241 o1 o8 0.2 1.2 34 281 4.0
30 161 W-RS 0.2230 288 17 70 41 14 1.8 53 148 <0.1 50 03 1.8 32 245 <10
31 184 Wet 0.1084 253 16 43 37 12 1.7 48 138 <01 a7 0.2 0.8 30 227 <10
32 166 Wet 0.0757 29¢ 15 6.8 38 12 1.5 14 175 <0.1 49 0.2 08 32 234 <10
33 168 Wet 0.1069 306 11 83 ¥ o1 1.5 42 204 <0.1 47 02 15 32 233 <10
4 175 Dry 0.0918 27 17 74 4 16 5.2 58 43 <01 61 05 26 41 208 =10
35 203 Dry-T5 0.0523 338 08 33 25 B1 80 23 35 29 43 03 28 21 88 NA
36 206 Dry-TS 0.0833 318 14 57 44 14 2.1 51 185 <01 ] 0.1 08 36 36 NA
37 210 Dry-TS 0.0826 289 40 67 47 15 a7 8 1 02 55 00 04 3% 305 NA
38 245 Dry 0.0887 345 26 49 17 47 20 14 0.8 04 28 02 4.3 1 51 NA
3% 250 Wet 0.0840 345 232 B2 32 10 5.2 33 1.6 09 57 043 50 24 105 NA
40 252 Wet 0.0576 346 25 89 i3 10 6.1 35 27 08 61 03 38 28 115 NA
41 257 Wet 0.0973 342 23 Y6 35 12 7.8 g 3z 09 62 0.3 41 2% 127 NA
42 258 Wet 00983 330 23 9.1 3713 8.1 40 1.6 1.0 67 05 28 31 132 NA

RS- Rain on snow.
TS=- Thunderstarm.
WA- Mot analyzed.
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Figure 4—Average water balan  ces of ¢ olumns containing original composite material, gr avels, and sands, and water balance of full-height fine column. Water
added to columns was recovered as|  eachate or retained by ¢ olumns. Water recoveredin — excess of v olume added (drained) originated from wet-screening separation
or from previous leachings. Initially, 0.55 L drained from fine column.
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Figure 5.—Average leachate from triplicate columns containing original composite material, gravel fraction, and sand fraction, and from single column
containing fine fraction. A, pH; B, S. Weighted-average S concentrations were calculated from concentrations of three fractions and their respective
contributions to mass of original composite material (61%, 15%, and 25%).
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Sulfate was the dominant anion in the column leachates. An the first dry cycle and reached concentrations of 900 mg/L after the
initial comparison of the ICP analysis of S and the IC analysis ofecond dry cycle. Zn concentrations in the leachate from the fines
sulfate indicated that S was primarily in the sulfedem, within were much lower and ranged between 40 and 80 mg/L. The
analytical errors. Therefore, the molar quantities of S and sulfateehavor of Cd in the leachate of all columns paralleled that of Zn
are assumed by bequivalent, and S from the ICP analysis is (figure 7). As withZn, theweighted-average Cd con- centrations
reported. Since pH's were generally below 4, no bicarbonate wa®f the segregated columns were less than those of columns
expected. In addition, chloride concentrations were generally les®ntaining the original composite material.
than 10mg/L and dropped below the detection limit of 1 mg/L by =~ The oncentrations ofCa, Mg, and Mn in thecolumns
the seventh leaching (tables 6, 7, and 8). containing the original composite material were initially higher

The initial S in the leachates from columns containing thethan the respective concentrations from the segregated columns that
original composite material decreased frdy800 to about 300 had contact with tap water (figurg). Aswith Zn, the Ca in the
mg/L during the first wet cycle (figureBy. This decrease was Sand cdéumns was higher than in any other column type. In
probably aresult of the flushing of secondary sulfate precipitatescontrast, Mg concentrations were the highest in the columns
present in this waste material, which had not recently been ifontaining the original composite material. ~ After the initial
contact withwater. S then increased to 1,000 mg/L afterfitse  flushing of Mn from the original composite material, the fines
dry cycle, which is indicative of flushing of oxidation products column exhibited the highest Mn concentrations, possibly because
from sulfide minerals during the dry cycle (Doepker, 1991). TheOf the lower pH.  Na and Keleases for all columns were low
decrease during the wet cycle and the increase after the dry cydfiure 9) with K releases being greater than Na releases. During
were repeated in the second cycle, although to a lesser extent. [&¢ second wet cycle, the major cations exhibited different trends.
concertrations of the leachates of the three types of segregatéﬂa releases in the second cycle were less than in t'he first cy_clg for
material were much lower (100 to 200 mg/L). The leachates of th@!l columns. K releases from the columns containing the original

segregated columns showed the same pattern as the Colunﬁ%mposite material, the sand fraction, and the fine fraction were
containing original composite material, with the sand Columnequaldurlng the two cycles whereas they decreased in the gravel

exhibiting the greatest increase after the dry cycle. The Weighteoc-omr.nns' . . . . .
Si concentrations in the columns containing original composite

average concentrations of the segregated columns were much less

than those from the columns containing the original composit(!:-naterlal were hlgher_ than in _the segregated columns and d.ld not
material show the initial flushing seen in most of the other elements (figure

2+ . . .. _10A). Si in the columns containing original composite material
Zn“" was the dominant cation in the leachates from the orlglnaj' ached a maximum of 7eg/L. After the first three leachings of

composite material, gravels, and sands. Agreemgntg in the tren Yo segregated columns, all the columns were saturated or
and a}b_solute_ yalues of Zn_ concent_ratlons in the trlpllc_;ate COIumnssupersaturated with respect to silica. The saturation index [log(ion
contalnlng_ original composite mgtenal, the gravel_ fractlon,_ and theactivity product/K )] of silica was higher for the original composite
sand fra:tlc_m were very go_od (figuré). Theerratic behavpr of material than the r:segregated columns.

the half-height column of fines (F1) because of ponding is shown 5| ¢oncentrations in the leachate from the segregated columns
mn f.lgure. 6, JUSt'fy_'ng its ellmlnatlon from sub§equent were much lower than concentrations from columns containing the
consideration. As with S, the highest Zn concentrations Wergiginal composite material (figure BR Sig- nificant amounts of

fqund in the columns containing original composite mqte_rial,;e were found only in leachate from the fines (figur€)10
(figure 7A). The first leachate from the columns containing ¢, was flushed from the columns containing the original

original composite material average@00 mg/L and decreased t0 ¢omposite material and the gravel fraction during both wet cycles

400 mg/L as secondary pre- cipitates were flushed from th@gure 118). Cu concentrations in the leachate from the segregated

column. As with S, there were significant increases after both dryactions werdow. The behavior of Pb wamomalous in that the

periods and decreases during both wet periods. segregation of the columns increased the concentrations of Pb in
Initial Zn concentrations in the leachate from the gravel columnghe leachate (figure B). The gravel column generally produced

were sgnificantly higher than those from the sand and finethe highest leachate Pb con- centrations. The leachate from all

columns. Visual examination revealed that the wet screening waslumns was near saturation or slightly undersaturated with respect

not totally effective, and that fine and sand particles were stilto angleite, and there did not seem to be any difference in the

attached to the surfaces of the gravels. With the removal of the fremturation index among the columns.

fines and sands between the gravels, the column containing the

gravels essentially became a thin-film reactor, with the fines and

sandsbeing the reactive components. At the end of the first wet

cycle, the leachate from the gravels had decreased to 100 mg/L.

The decrease during the second wet cycle in the gravel columns

was similar to the decrease in the first cycle, and the increase after

the secondlry cycle was similar to the increase after the first dry

cycle. The leachate in the sand columns increased from near zero

to about 300 mg/L at the beginning of the first wet cycle and then

decreased to about 100 mg/L during the first simulated rain-on-

snow event. In contrast to the gravel columns, Zn concentrations

in the leachates from the sand columns increased to 600 mg/L after
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Figure 7—Average | eachate measurements of ( A) Zn and ( B) Cd from triplicate columns containing original compos

and from single column containing fine fraction. Weighted-

contributions to mass of original composite material (61%, 15%, and 25%).

ite material, gravel fraction, and sand fraction,
average conc entrations were calculated from concentrations of three fractions and their respective
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Figure 8—Average| eachate measurements of ( A) Ca, (B) Mg, and ( C) Mnfrom triplicate columns containing original composite material, gravel fraction, and
sand fraction, and from single column containing fine fraction. Weighted-

average concentrat ionsw ere calculated from concentrations of three fractions and their
respective contributions to mass of

original composite material (61%, 15% and 25%).
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Humidity Cell Tests Static tests were then conducted in which the resulting treated
gravels were subjected to a 2-h bottle roll with cold distilled water.
Kinetic humidity cell tests were performed on duplicate During this short period, it was assumed that the release of metals
300-g samples of the fine fraction of the original compositeoccurredthrough dissolution of soluble salts rather than by the
material. Over a period of 281 days, 40 7-day cycles werdirect oxidation of sulfide minerals. Therefore, static tests should
conducted. Each cycle consisted of 3 days of dry air circulation, be a good indicator of initial release of metals from treated material.
3 days of wet air circulation, and leaching with about 150 mL of The amount of fines and sands recovered during the static bottle
water during the last day. Of the 1B, approximately 100 mL roll tests was also determined for most samples in most
was recovered, while 50 mL was retained by the solids (tables 16 experiments.
and 17). Most of the retained 50 mL was lost byaporation The fines and sands recovered had either been washed off the
during circulation of dnyair. The pH for both cells ranged between ardergravel fraction or been created during the treatment. The
3.3 and 3.Ffigure 124). This value was similar to the pH of the ot ofthe test gravel material that did not undergo any further
leachate from the fine column during the first wet cycle. However,reathent after dry separation (split only) was con- sidered as the
the pH of the leachate from the humidity cells throughout much o€ontrol for the amount of fines and sands that could be washed
the later part of the tests was higher than the pH during the later from the gravel fraction. About 4% of the mass of the dry-screened

part ofthe column leaching tests. The ORP of the humidity cell gravel tfoacs was removed as
leachate ranged between 450 and 500 mV for cell 1 and was -1-mm particles during static bottle roll tests Aigubddi®
slightly lower for cell 2 (~450 mV). 2%22.2 g offines in 993.2 g of charge) was loose dust that was

Concentrations of many of the constituents of the leachate recovered during the 15-min separation in the vibrating,
decreased dramatically during the first eight cycles and therpercusion, grain-size Ro-Tap analyzer. The amount of -1-mm
declined gradually during the last 32 cycles. Sulfate con- material collected after 15 min of tumbling (aliquot GS5) was low
centrations incell 1 decreased from an initial 540 mg/L to 190 (12.0 g)compared to the amount collected from the initial dry
mg/L during the eighth cycle (tables 18 af). Likewise sulfate greaing of other aliquot423.2 g). Only 2.9 g of thewhole
coneentrations in cell 2 decreased from 520 mg/L during the sample was lost during tumbling and dry screening (table 20).
second cycle to 160 mg/L during the eighth cycle. At the end of While the total amount of fines recovered w&% dbesitwas
the experiment, sulfate concentrations in both cells were 99 mg/lrecoveredduring the tumbling and more was recovered during the
The patterns of Zn release (figureBl2and most other elements subsequent botile This observation suggests thaimbling
from the humidity cells containing the fine fraction were very actually causes the fines to attach more strongly to the surface of
similar to the release of sulfate. Except for the spike during the the gravels. When milling with(Medib balls)was followed
second cycle in both cells, Zn decreased from an initial by either dry (aliquot GS6) or wet (aliguot GS8) separation, the
concentration of about 80 mg/L to 35 mg/L and 27 mg/L in cells owm offines recovered was much greater than the 4% found as

1 and 2, respectively, during the eighth cycle. Pb release was much loose dust. More than 5% of the sample was converted to -1-mr
lower thanthe release of Zn and reached a maximum during the material during the dry milling process. In wet treatments for
third cycle. which data on the recovery of fines for both treatment and bottle
rolls are available (aliquot&S6, GS15, and GS16), 4% to 5% of
SEPARATION TESTS the solids were recovered as -1-mm material, with most being
recovered during the treatment process. In all the treatments except
Separation of Fines and Sands from Gravels milling, it appears that most of the -1-mm material recovered in the

treatment was merely washed off the gravel fraction rather than
The results of the column leaching tests indicated that the fines being created during the treatments.

and sads physically adhering to the surface of the coarser gravels Effluents from the static bottle roll tests were also measured for
may haveinitially controlled the release of metals from the gravel sulfate and metals while a separate aliquot of the effluent was
fraction during the column leaching tests. Separation tests were titrated with a known amount of a standardized base to measure th
conducted to test this hypothesis and to determine the relationship release of acidity. Again, the aliquot receiving no further treatment
between the effectiveness of separation and subsequent initial metal  daftescreening (split only) was considered a control. The
release. Separation treatments to remove the finer material from the results of the static tests of the gravel fraction of the original

gravels were conducted using four dry methods (aliquots GS1, composite material used in the column tests are included for
GS2, GS5, and GS6), three wet methods using tap \(ediguots comparison (table 21).
GS3, GS7, and GS8), and three wet methods using distiliéet By comparing the constituents of one bottle roll effluent to

(aliquotsGS13, GS15, and GS16) (taldlg For the wetnethods, another, it ispossible to indicate which treatments were most
the volume of wash water was measured and sampled for phffective at removing salts and other oxidation products that had
cations, and anions. The amount of fines and sands recoveradhered tadhe surfaces of the gravels. The effectiveness of each
during both wet and dry treatment were measured. pretreatment was analyzed by two different methods.



Table 16. - Weights and field parameters of the leachate from humidity cell 1

Leaching Leaching Weight of cell and sample Leachate Weight of C&5 Leachate Leachale Leachatse Leachate  Mcles of acid titrated

time,  afterdry air, after wet air, recovered atter leaching, recowvered pH ORP, conductivily topH& topHB.I

days gm gm mL gm mL my ms
1 o 9881 090.4 200 1080.7 96 3.64 287 Q.952 Q.00 G.0003
2 7 1045 8 10442 147 1083.8 1060 3.44 425 4913 2.0001 0.0004
3 14 1027.2 10223 161 1079.6 98 354 458 0821 0.00M 0.0004
4 21 10383 10327 147 10739 100 3.33 430 0.73% 0.0002 0.0004
S 28 1036.0 1030.7 145 1073.2 98 a9 458 0.623 0.0002 00004
6 35 10307 102563 148 10726 92 3.23 460 0.567 0.63m 0.0003
7 42 10303 1025.9 147 1072.2 92 3.27 453 0.541 0.0301 0.0003
8 48 1014.5 1011.4 161 1070.8 ae ae 472 0.443 0.00m 0.0003
] 56 1025.8 10226 148 10692 96 318 480 0.4 0.0402 0.0003
10 83 10259 1022.4 147 1088.6 B4 316 485 0.389 0.0001 0.0003
iR 70 0201 158 153 1068.1 56 315 474 0.383 0.0001 0.0003
12 77 10206 1:8 152 1087.5 a4 a19 483 0.412 0.0001 00003
13 B4 1018.3 1014.6 153 1066.6 2 3.16 486 0.388 0.0000 0.0002
14 a1 1018.6 10164 151 1066.8 95 3.14 476 0.304 0.0001 0.0003
15 28 1017.3 101358 154 1066.8 92 3.36 476 0.384 0.0001 0.0003
16 106 1017.2 10133 153 1058.9 90 332 487 0.399 0.0001 0.0003
17 112 1007.2 1004.6 164 1066.5 Jta] in 472 0.405 0.00M 0.0002
18 120 1021.9 1075 14g 1066.0 1) 3.28 4873 0.419 0.00M1 0.0003
19 127 1020.9 1016.3 160 10881 Gz 3.24 474 0.402 0.001 0.0003
20 134 1021.4 1016.4 152 1065.8 92 3.28 454 0.370 0.00M 0.0002
21 141 1019.5 10144 151 1064.7 85 a1z 472 0.405 0.00M 0.0002
22 148 1019.0 10153 149 10631 b4 3.28 472 0.378 G.0001 0.0002
23 155 1015.2 10105 153 1063.9 94 324 477 0.329 0.00M 0.0002
24 162 1016.0 10131 151 106533 9 3.28 471 0.372 0.001 0.0002
25 169 1015.8 1011.9 i51 1062.9 95 3.21 483 0.311 0001 0.0002
26 176 1016.0 1011 162 1062.7 24 3.23 474 0.370 .00 0.0002
27 183 1017.0 1099 153 1065.2 95 325 479 0.339 .00 0.0002
28 1) 1019.6 1009.7 156 1666.9 i) 3.26 474 0.328 0.0001 0.0G02
29 197 1011.8 1H8.0 158 1063.8 98 3.32 432 0.321 000 0.0002
a0 204 1127 1007.0 187 1063.7 94 3.26 476 0.325 0.0001 0.0002
3 21 1017.7 10148 149 1060.4 94 3.23 449 0.357 .00 0.0002
32 218 10118 1002.5 151 10619 96 3.24 472 0.318 0.0001 0.0002
a3 225 1002.2 10011 161 1064.0 97 3.28 471 0.282 .00 0.0002
34 232 10061 1003.5 160 1640.3 i) 3.22 480 0.305 0.0001 0.0002
35 239 1016.4 1013.8 151 1062.0 100 3139 474 0.297 Q.00 0.0002
36 248 10123 1008.2 154 1062.5 95 3.35 464 0.289 0.0001 0.0002
37 253 10132 1010.4 152 1061.6 93 3.35 467 0.302 0.0001 0.00G2
38 260 10125 1009.8 152 1061.5 102 3.30 473 0.296 0.00m 0.0002
39 267 1017.2 1013.3 148 1061.1 98 3.32 476 0.277 0.0001 0.0002
40 274 10747 1010.4 151 10617 a9 3.32 476 0.2711 0.0001 0.0002
F 281 -= == 300 1062.1 230 3.21 473 . 256 0.0002 0.0005

C85- Coll and sample.
ORP- Oxidation-reduction potential,
F- Final, no wet-dry air cycle.
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Table 17. - Welghts and fleld parameters of the leachate from humidity cell 2

Leaching Leaching Waight of call and sampla  Leachata

Weaight CAS  Leachate leachala Leachatn

Leachate Moles of acid ttrated

time, after dry air, after wet air, recovered, after leaching, recowvered, pH ORP, conductivity topH®, topHB.3

days am gm mL gm miL my m3
1 0 980.0 981.9 200 1079.3 3.63 307 0.871 0.0001  0.0003
2 7 1034.8 1030.6 143 1070.5 106 3.48 438 0811 0.0001 .0005
3 14 1008.1 10011 165 1067 1 100 3.38 447 0.743 0.0004  0.0004
4 21 1020.2 1005.4 162 1061.8 100 3.39 448 0612 0.0001 0.0003
5 28 1020.3 10147 147 1062.6 92 3.34 453 0.594 0.0001  0.0003
8 35 1014.9 1009.6 153 1060.0 g2 3.26 458 0.547 0.0001  Q.0003
7 42 1016.7 101286 148 1057.6 a8 3.24 467 0.493 0.0001  0.0003
8 48 8895.9 89831 165 1060.2 94 3.20 470 0.411 QL0001 00302
9 56 1010.7 1007.6 153 1057.9 o8 3.17 4383 0.446 0.0002  0.0003
10 B3 10094 1005.8 152 10571 a6 3.18 475 0,388 0.0001 0.0003
LB 70 10035.8 1001.0 156 1057.0 a6 318 468 0.3B86 0.0001 00003
12 77 1007.9 1003.2 154 1058.5 a8 3.18 471 0392 0.0001 0.0003
13 24 1005.5 10021 155 1056.7 85 3.18 459 0.396 0.0001 0.0002
14 21 1006.3 1002.8 164 1058.1 98 318 483 0.366 0.0001 0.0002
158 88 10061 1001.9 164 1055.4 a7 3.28 471 0.363 0.0001 0.0002
16 106 1005.9 1001.2 154 1054.7 g2 3.28 487 0.387 0.0001 0.0002
17 113 894.2 891.9 163 10881 85 2.22 474 0.383 0.0001 0.0002
18 120 1008.4 1003.8 154 1053.7 g2 3.29 476 0.374 00001 0.0002
19 127 1005.7 1000.4 154 1056.2 96 325 488 03505 0.0001 10,0002
20 134 1008.3 1002.2 154 1056.1 30 3.28 449 .356 0.00M 0.0002
21 141 1006.3 1000.7 155 1055.4 a1 313 465 0.258 0.0001 0.0002
22 148 1005.0 1001.1 154 1054.3 45 3.29 432 0.350 Q.0001  0.0002
23 155 1003.3 997.8 157 1054.9 g5 3.26 467 0.242 00001 0.0002
24 162 1005.0 10021 153 1054.3 a4 3.29 447 0.351 0.000% 00002
25 168 1003.9 9898.5 155 1054.5 a7 3.18 454 330 0.0001 Q.0002
28 178 1004.6 9995 155 1054.2 96 3.22 454 0.230 0.0001  0.0002
27 183 1007 .8 999.6 155 1054.5 97 3.25 441 0323 0.0001 0.00062
28 190 1007.9 999.5 155 1053.9 g5 3.25 448 0.305 0.0001  Q.0002
29 197 10008 996.3 158 1055.4 g3 3.32 423 0311 00001  0.0002
30 204 1002.5 0995.3 160 1054.4 a5 3.24 432 0.304 0.0001  0.0002
Kl 211 1005.3 i002.2 152 1052.0 a7 3.22 436 0332 0.0001  0.0002
32 218 1000.7 9983 154 1053.2 99 3.28 453 0.205 0.0001  0.0002
33 225 9912 9901 163 1056.7 97 3.23 445 0294 0.6001  0.0002
34 232 994 1 991.6 164 1054.5 100 3.18 454 0.320 0.0001  0.0002
35 239 1006.1 1003.4 151 1052.2 a3 3.18 451 0.281 0.0001 Q.0002
35 246 1001.5 0996.9 180 1053.7 97 33 445 0.291 0.0001  0.0002
37 253 1000.8 997.6 156 1051.2 95 3.34 439 0.288 0.0001 0.0002
38 260 1001.2 998.4 153 1051.8 101 3.28 449 0.295 0.0001 00002
39 267 1006.0 1001.8 150 162.7 a8 3.32 445 0.264 0.0001  0.0002
40 274 1001.0 997.6 135 1051.1 102 3.33 458 0.263 0.0001 0.0002
F -- == 300 1050.3 300 3.18 468 0.208 0.0002  0.0006

C&5- Cell and sample.

ORP- Qxidation-reduction potential.
F- Final, no wat-dry air cycle.
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Table 18. - Elemental concentrations of leachates from cell 1, milligrams per liter

43

Leaching Leaching Na K Ca Mg Al Mn Fe Cu Zn  Cd Pb 3
time,
days
1 0 22 38 59 25 55 67 1.50 089 89 0.7t 49 180
2 7 7.2 33 ™ 33 17 60 1.41 221 118 102 98 171
3 14 1.6 10 39 16 8.6 48 276 1.68 76 088 139 146
4 21 6.8 14 40 15 12 34 191 203 76 035 63 125
5 28 13 41 30 10.6 11 24 028 213 63 048 55 104
6 35 19 14 25 84 98 150 123 197 60 040 67 90
7 42 1.0 58 17 8.3 12 99 010 202 44 035 90 81
B8 49 09 12 114 42 91 52 026 205 36 028 65 64
9 56 5018 102 36 93 45 078 207 2% 019 B6 64
10 63 09 50 84 32 68 35 254 182 33 029 28 57
11 70 1.0 8.0 55 22 83 21 062 180 3t 012 83 51
12 77 07 7.3 55 1.9 97 20 006 167 32 007 30 54
13 84 03 18 14 13 96 1.7 002 160 29 028 69 49
14 91 1.3 6.1 4.9 1.4 10 16 002 176 32 021 69 51
15 a8 0.8 10 5.1 2.6 11 1.6 042 172 37 022 B84 50
16 106 0.8 80 48 24 84 16 014 159 33 027 85 50
17 112 19 72 23 32 94 1.5 0.04 017 32 0.1 9.2 47
18 120 08 68 25 16 86 16 008 154 37 015 98 53
19 127 05 47 26 29 77 13 003 019 34 012 85 50
20 134 12 25 26 25 89 11 003 007 27 014 1114 48
21 141 04 7.4 30 08 80 15 008 014 37 032 11.0 52
22 148 0.8 25 33 15 82 1.4 003 0.1 32 016 6.9 47
23 155 04 63 20 1.9 56 09 015 0.07 23 0.21 9.0 38
24 162 15 62 15 0.8 21 1.3 006 046 22 014 B8 45
25 169 15 6.1 15 08 15 1.0 005 026 22 Q09 63 36
26 176 0.2 13 2.1 16 7.1 14 0.09 050 33 020 93 45
27 183 1.9 52 20 1.7 6.6 1.2 0.01 0.98 28 0.15 8.2 43
28 130 0.2 77 28 1.7 6.3 1.1 029 097 27 017 8.6 39
29 197 0.1 54 25 1% 54 11 005 067 26 0.16 88 39
30 204 0.1 3.8 26 16 58 11 004 076 26 015 94 37
31 21 0.t 43 32 18 7.1 13 003 087 31 016 80 44
32 218 02 9.0 14 20 69 11 0.01 081 26 0.15 92 37
33 225 08 486 06 13 49 09 002 024 21 015 98 32
34 232 09 55 28 15 82 11 004 082 24 015 94 32
35 239 1.0 54 31 16 59 11 004 095 26 017 93 37
36 246 08 55 27 1.5 5.1 11 000 090 23 0.16 103 32
37 253 0.5 13 2.0 1.3 56 11 026 009 24 0.21 96 35
38 260 01 47 26 14 49 10 003 079 24 015 93 32
39 267 08 3.7 25 14 46 1.0 003 073 23 016 92 32
40 274 08 39 23 13 43 09 00t 068 21 0.13 98 30
F 281 0.8 41 22 1.2 40 08 003 0B2 19 013 97 33

F- Final, no wet-dry air cycle.
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Table 19. - Elemental concentrations of leachates from celi 2, milligrams per liter

Leaching Leaching Na K Ca Mg Al Mn Fe GCu 2Zn Cd Pb S
time,
days
1 0 15 26 53 20 32 59 012 093 79 068 7.6 156
2 7 8.1 34 58 23 18 63 0.91 2671 120 030 43 173
3 14 16 14 a5 14 46 42 085 143 64 055 11.4 125
4 21 47 26 31 12 95 28 100 165 61 033 109 103
5 28 75 37 30 100 B85 25 0.06 216 65 065 7.0 103
6 35 52 16 24 58 B3 16 034 170 55 079 75 88
7 42 09 5818 50 89 113 011 201 44 035 98 77
8 49 09 54 96 41 76 55 027 174 27 008 52 54
g 56 82 132116 36 B7 52 067 183 30 008 112 &1
10 63 08 96 82 34 71 31 016 173 39 044 34 52
11 70 08 94 58 21 67 27 059 157 35 026 69 51
12 77 0.8 105101 22 74 25 006 143 38 021 48 49
13 84 03 61 21 22 B6 21 006 148 33 022 68 49
14 91 03 51 46 12 75 17 002 145 27 020 &8 45
15 98 1.7 80 48 27 94 16 036 144 27 019 B2 44
16 106 04 110 43 20 68 18 021 137 35 018 &9 47
17 113 16 67 26 27 93 16 016 148 29 010 95 44
18 120 09 78 18 14 80 15 003 126 26 020 138 44
19 127 04 69 22 18 58 11 003 007 23 004 100 40
20 134 08 25 24 28 76 12 003 007 25 004 97 44
21 141 04 36 25 08 66 14 026 008 27 019 103 42
22 148 04 80 33 16 74 14 003 011 268 012 09 40
23 155 07 83 07 26 59 1.1 024 007 23 017 86 39
24 162 1.5 62 15 08 20 13 005 024 22 005 56 40
25 169 15 62 15 05 38 12 006 065 22 005 565 39
26 176 15 62 15 09 38 12 006 065 22 005 55 39
27 183 02 118 13 16 57 12 014 030 25 049 102 37
28 190 02 66 19 16 58 11 016 084 23 010 104 36
29 197 01 49 28 15 85 11 027 065 24 015 89 37
30 204 03 40 25 14 51 11 013 060 21 041 96 34
31 211 01 44 30 16 59 12 015 074 25 0141 89 38
32 218 02 96 13 19 62 11 005 075 25 017 108 34
33 295 02 53 06 14 51 10 002 026 21 015 91 33
34 232 08 53 30 16 54 11 016 082 24 015 95 33
35 239 08 49 26 14 53 10 010 085 22 014 101 33
38 246 09 51 28 15 51 1.1 006 086 22 014 111 31
37 253 03 80 14 12 46 09 011 005 16 009 108 30
a8 260 00 46 28 15 49 11 012 078 25 015 9§ 31
a9 267 0.7 35 22 13 41 09 009 063 21 013 98 30
40 274 07 41 22 13 39 09 005 062 21 012 101 28
F 07 42 27 13 47 10 005 074 24 017 93 33

F- Final, no wet-dry air cycle.
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Table 20.—Recovery of solids during separation of fines and sands from gravels, dry grams

Experiment Treatment Charge Fines from Charge after Fines after Fines generated Charge Volume of wash
number initial Ro-Tap initial Ro-Tap treatment during treatment remaining water, L
DRY TREATMENT
GS1 ........ Splitonly ....... 1,161
GS2 ........ Ro-Tap ........ 993.2 22.2 969.6 NA NA
GS5 ........ Tumble ........ 1,113 12.0 ® 1,098
GS6 ........ Mill L 1,173 58.8 35.3 1,095
WET TREATMENTS WITH TAP WATER
GS3 ........ Wet sieve ... ... 1,103 25.9 37.6 7.6
GS7 ........ Tumble, wet 1,169 22.9 1,145 34.6 85
sieve .........
GS8 ........ Mill, wet sieve . . . 1,096 23.9 1,069 92.8 8.7
WET TREATMENTS WITH DISTILLED WATER
GS16 ....... Impeller, 1 min .. 1,006 21.0 984 21.6 20
GS15 ....... Impeller, 5min .. 1,081 235 1,057 32.2 20
GS13 ....... Bottleroll ...... 166 7.7 0.42
Average ..... 232
Std. dev. ... .. 1.7

NA Not analyzed.
'Fines after treatment less than average weight of initial loose fines.

Table 21.—Metals released during bottle rolls after treatment, milligrams per killogram of solid

Exper- Element Acidity Saturation
ment Treatment Ca Mg Al Mn Fe Cu Zn Cd Pb SO, released, index for

no. mg CaCOy/kg anglesite

DRY TREATMENT
GS1 ..... Split ............ 14 5.9 9.9 17 10.5 0.9 126 0.9 16 450 289 0.04
GS2 ..... Ro-Tap .......... 12 5.7 63 22 44 44 123 0.8 17 408 281 0.05
GS5 ..... Tumble .......... 12 5.1 36 17 25 1.2 92 0.6 11 368 236 -0.20
GS6 ..... Mill ... 14 7.7 1.8 23 27 0.5 87 0.7 23 380 224 0.15
WET TREATMENTS WITH TAP WATER
GS3 ..... Wet sieve ........ 41 20 22 48 24 0.9 36 0.2 37 192 101 -0.20
GS7 ..... Tumble, wet sieve 5.9 2.6 25 59 46 0.7 47 0.3 32 218 132 0.13
GS8 ..... Mill, wet sieve . . . .. 7.2 20 <10 33 57 <0.1 21 0.2 44 192 74 0.23
Composite ....... 22 25 16 75 0.8 0.2 30 ND 23 131 96 ND
WET TREATMENTS WITH DISTILLED WATER

GS16 .... Impeller,1min .... 4.6 33 42 98 6.3 31 71 0.4 26 210 199 0.02
GS15 .... Impeller,5min .... 39 25 23 72 6.2 0.7 52 0.3 30 258 128 0.14
GS13 .... Bottleroll ........ 45 1.8 18 49 4.0 0.6 30 0.3 36 127 ND 0.06

ND  Not determined.

1. The release of acidity from the treated gravels during the the gravels in the original composite material for the column tests
static bottle roll tests was compared among the various treatments also seemed to be quite effective.
(table 21) (figure 1B). Those treatments yielding the highest 2. The releases of metals during the static bottle roll tests of the
amount of acidity were the least effective, while those with the gravels after treatment were compared. Zn was selected as the
lowest were the most effective. The three dry methods were least indicator metal because it was present in the greatest concentratior
effective inremoving acidity from the gravels, with only 22% of and it is amajor contributor to the toxicity of surface waters. The
the acid-generating constituents removed by the most aggressive amount of Zn dissolved into solution from the control (aliquot
dry treagment (dry milling). In contrast, the most effective GS1, split only) is considered a measure of easily releasable Zn
separation method (wet sieving after dry milling) reduced the (tahdle Again, the drytreatments were least effective in
release of acidic constituents By1%. Thelarge-volume-batch, preventing Zn release from the treated gravels (figur€)13Dry
wet-screening process used to separate milling was the most effective dry treatment,
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but only reduced easily releasable Zn by 31% relative to the control The behavior of Pb during the static bottle roll tests after various
(split only). In contrast, wet treatments reduced easily releasable Zn treatments was different from the behavior of ZD{figline 13
between 44% an83%, with wet sieving after dry millinpeing Pb released after the dry treatments was less than Pb released after
the most effective. Again, the large-volume-batch, wet-screening the wet treatments. These results can be ex- plained by anglesit
processused to separate the gravels for the column tests also solubility. The saturation indices of solutions from the static bottle
seemed to be quite effective, reducing Zn release in the static test by roll tests fell within a range betweer0-B, thdiwdting that

76%. It isnotable that the 126 ppm of easily releasable Zn in the sulfate concentrations in the test solutions were controlling Pb
control (split only) was only8.5% of the total Zn present in the release. Because thteediynents were in- effective in removing

gravel fraction (3,600 ppm). soluble sulfate, the high sulfate concentra- tions in these test

In the following discussion, easily releasable Zn is con-sidered solutions suppressed Pb concentrations. However, anglesite
a conservative property. Its mass balance includes release into the solubility cannot explain the low amounts of Pb released during th
wash water during wet treatments, removal with fine particles wet treatments in which tap watesewas Thegeochemical
during both wet and dry treatments (not analyzed), or release model indicates that Pb was also supersaturated with respect to lea
during the static bottle roll test of the treated gravels. Since the Zn carbonate, (PbCO 22tablehe release of Pb during tsetic
released into solution has been normalized by the liquid-to-solids bottle roll tests following tap water treatments (376 ppm) was
ratio, the values in tables 21 and 22 for the control (aliquot GS1) only slightly higher than Pb release subsequent to distilled water
can be directly applied to the following mass balance: reatments (31t%pm). Any Pb that precipitated onto theavel

126 ppm = release during wet treatments (table 22) + removdtaction as PbCQ during the tap water treatment and subsequently
with fines during treatment (not measured) + release during bottleissokled during the static bottle roll tests would have come under
roll tests of treated gravels (table 21). the influence of the anglesite equilibrium in these test solutions.

In the dry treatments, any decrease in easily releasable Zn The release of acidityZn, and Pbfrom a dry-screened gravel
observed in the subsequent static bottle roll tests must have been a fraction was controlled by sands and fines physically attached f
result of Zn removal associated with the -1-mm material removed the gravels and soluble salts precipitated onto the surface of the
during the initial treatment, because there was no release duringravels. However, the total amount of -1-mm material removed
treatment. With the wet treatments, decreases in Zn release during during treatment was not an accurate predictor of subsequent met
the static bottle roll tests could either be a result of removal of Zn release. Dry treatments were ineffective in reducing metal release
with the finer solids or dissolution into the wash water. The fate of in subsequent tests of the treated gravels. Wet treatments were
the easily releasable Zn during the treatments using distilled wateruch moreeffective with wet sieving following dry milling being
was distinctly different from the fate of Zn during treatments in the most effective (reductions of 76% and 83% for the initial
which tap water was used. When distilled water was used, thelease of acidity andn, respectively). The wet screening used to
amount of Zn released into the wash water (table 22) plus that separate the three fractions of the original composite material was
released during the sub- sequent static bottle roll tests (table 21) was the second most effective treatment.
approximately equal to the Zn released from the control (figure

130). This would suggest that only dissolution of easily releasable Separation of Metals in Fine Fraction
Zn into the distilled wash water was responsible for the decrease in
Zn release in the subsequent static tests. Because the distilled water The fine fraction was subjected to a variety of mineral-

had no buffering capacity and because the liquid-to-solids ratio was processing methods because many of the acid-generating ele- men
low (betweer?.0:1 and 2.5:1) (table 20), the pH of thash water (Fe and S) and metals of interest (Pb) were concentrated in the fine
was below 4. Therefore, the use of distilled water enhanced the fraction (figures 2 and 3). The purpose of these separation method
solubility of Zn minerals and promoted dis- solution into was both to produce a concentrate that would be sufficiently high
processing water. grade to smelt and to reduce the environmental complications of

The use of tap water, which has much higher liquid-to-solids disposing of the fine fraction. Gravity separation of fines produced
ratios (7:1 to 8:1), provided enough buffering capacity to keep the a concentrate that was 30% Pb (as anglesite), which contained 629
pH of the wash water above 6. Zn not found in the wash water or of the Pb in 11% of the mass (table 23). However, there were no
released during the static bottle roll tests must have been adsorbeckferential enrichments of Zn and Cu during gravity separation.
or precpitated, presumably onto the fines removed during the wet Magnetic
treatments. Geochemical speciation and solu- bility modeling were
undetaken to study the wash water solutions. Because alkalinity
was not measured, the ionic charge in the solutions for the three
wet treatments in which tap water was used was balanced by a
calculated alkalinity con- centration. The geochemical model
suggests that Zn was near saturation with respect to zinc carbonate
(ZnCQ,) inthese solutions (saturation index between -0.41 and
0.28) (table 22). Because the release of Zn in subsequent bottle roll
testswas no greater than with treatments in which distilled water
was used, littleZnCQ, seemed to have become attached to the
gravels.
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Table 23.-Results of gravity and magnetic separation tests

Test number and Wt % Assay, wt % Distribution, %
product Cu Fe Mg Pb Zn Cu Fe Mg Pb Zn

Gravity separation:

Table concentrate .......... 11.0 0.02 154 024 296 0.23 7.6 18.7 7.95 62.3 11.0

Table tailings .............. 89.0 0.03 8.3 0.35 221 0.23 924 81.3 92.1 37.7 89.0

Weighted average® ......... 100.0 0.03 9.1 0.34 5.22 0.23 100 100 100 100 100
Magnetic separation:

Magnetic ................. 5.8 0.02 534 0.40 297 0.095 31 26.7 5.8 33 1.94

Nonmagnetic .............. 94.2 0.04 9.0 0.41 5.34 0.30 96.9 73.3 94.3 96.7 98.1

Weighted average' ......... 100.0 0.04 116 041 5.20 0.28 100 100 100 100 100

"Weighted average of recovered fractions.

Table 24.—Results of flotation tests

Test number and Wt % Assay, wt % Distribution, %
product Cu Fe Mg Pb Zn Cu Fe Mg Pb Zn
FS1:
Rougher concentrate . . . . ... 12.0 0.3 24 ® 7.00 1.0 31.3 229 O 19.3 31.3
Tailings . ........ooii... 88.0 0.09 11 @) 400 03 68.8 77.1 @) 80.7 68.8
Weighted average® ........ 0.12 126 (Y 436 04 100 100 @) 100 100
FS2:
Rougher concentrate . ... .. 19.9 0.1 22 ® 8.00 0.9 38.3 332 @) 39.9 52.8
Tailings ................. 80.1 0.04 11 ® 300 02 61.7 66.8 ® 60.2 472
Weighted average? .. ... ... 0.05 132 (O 4.00 0.34 100 100 ® 100 100
FS3:
Rougher concentrate . ... .. 10.9 0.074 11.6 0.37 9.18 0.54 24.6 12.0 9.4 219 20.7
Tailings ................. 89.1 0.028 10.4 0.43 4.00 0.25 75.4 88.0 90.6 78.1 79.3
Weighted average® . ....... 0.03 105 0.42 4.56 0.29 100 100 100 100 100
FS4:
Rougher concentrate . ... .. 51 0.098 15.1 0.36 9.90 1.78 6.34 7.1 4.25 11.0 30.5
Scavengerl ............. 6.4 0.27 134 0.47 9.64 0.33 219 7.9 6.86 135 7.0
Scavenger2 ............. 9.2 0.23 12.8 0.48 9.28 0.35 26.7 10.9 10.1 18.6 10.8
Taillings ................. 79.3 0.045 10.1 0.43 3.29 0.19 451 74.1 78.8 56.9 51.7
Weighted average® . . ... ... 0.08 108 044 4.58 0.30 100 100 100 100 100
FS5:
Rougher concentrate . ... .. 5.8 0.14 15.4 0.45 6.91 0.73 11.7 8.0 6.27 9.1 16.2
Scavengerl ............. 6.6 0.19 15.3 0.47 6.53 0.38 17.3 9.1 7.36 9.8 9.6
Scavenger2 ............. 51 0.18 11.5 0.36 7.63 0.46 13.1 53 441 8.9 8.9
Tailings ................. 825 0.05 10.5 0.42 3.84 0.21 57.9 7.7 82.0 72.2 65.4
Weighted average® . . ... ... 0.07 112 042 4.39 0.26 100 100 100 100 100

Mg not determined by x-ray defraction.
*Weighted average of recovered fractions.
NOTE.-FS1 and FS2 were analyzed by x-ray defraction; all other flotation samples were analyzed by ICP.

separation concentrated 27% of the Fe into 5.8% of the mass, while enriched Pb in the rougher concentrate but Zn assays that wel
Cu, Pb, and Zn were depleted in the magnetic concentratabout half the assays in which NaCO waed. Compared to the
However, the high concentrations of Pb in the magnetic Na@$3t, about half the mass and the Pb were distributed to the
concentate (3 wt %) probably precludes its use as a feedstock for concentrate, with even less Zn found in the concentrate.
the electronics industry. In a staged flotation scheme in which Na(OH) was added

In FS 1 performed on fines with no addition of neutralizer (pH to achieve a pH of 4),(E®&most enriched Zn material (1.8 wt
= 4), 19% and 31% of the Pb and Zmespectively, were %) was produced as the rougher concentrate in which 31% of the
concentrated in 12% of the mass (tat#d). WhenNaCQO, was Zn was distributed in21% of the mass. The Pb assay of the
added to thdines slurry to achieve a pH of 9 (3, therougher rougher concentrate was similar to the assays of other rougher
concentrateconstituted 20% of the mass and 40% and 53% of the concentrates. The scavenger concentrate had a similar Pb assay
Pb and Znrespectively. However, the rougher concentrate was bufZlesdn thethree-stage flotation scheme, 43% of the Pb and
only 8% and 0.9 wt % Pb and Zrespectively. The addition of 48% of the Zn were concentrated into 21% of the Mass.
Na(OH) toreach a pH of 9 (FS 3) resulted in slightly more recovery was only slightly better than the single-stage scheme in
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which NaCQ was used as the neutralizing agent ZS A

indicative of the poor amenability of the fine fraction to flotation.

mixture ofthe fines from both large-volume batches was used ifThe years ofoxidation that this fine material has undergone, as

FS 5. This staged flotation scheme produced a less-enriched
concentrate than that formed in FS 4. The low sulfide recoveries

evidenced by the low percentage of sulfide S, precludes the
development of mineral-processing methods based on flotation of

in these preliminary tests were sidé minerals to produce a concentrate that could be refined as
well as reduce the concentrations of metals in the tailings.
DISCUSSION

GEOCHEMISTRY

weight ratio throughout the experiment (figure Al4 The

[Zn]:[SO,] molar ratios were0.62, 0.63, and 0.64 for the

Intraelemental Ratios

triplicates, and the regression coefficient$ (R ) were greater than

0.93 (table 25). There were smnificant differences among the

Prior to evaluating the effects of segregation of mine waste
material on metal release rates, the relationships between elemental
concentations in the leachate from the columns were examined to
undergand the geochemical reactions taking place within the
columns. Metal concentrations in leachate within columns are

columns, and the regression analysis of the whole set yielded a
molar 1@iG8.of Thisratio suggests that about 63% of the
sulfate in the leachate from the original composite material
originated directly from the oxidation of sphalerite or from the
flushing of ZnSO generated from previously oxidized sphalerite.

controlled by the balance between the kinetics of dissolution oThe gravels exhibited a slightly lower molar ratio @f.50, while

source material and the kinetics of mechanisms that remove metals.
Sourcesinclude soluble salts, sulfide minerals that oxidize, and
clays that are attacked by acid. Sinks of metals inchndéal
precipitates or metals adsorbed onto mineral surfaces.

Sulfate was chosen as an indicator of the dissolution of sulfide
minerals and the subsequent acid attack on gangue minerals. After
sulfate was released into solution by the dissolution of metal sulfate
minerals orthe oxidation of sulfide minerals, it was unlikely to be

the ratio for the sand colummg.wascontrast, the molar
ratio for the fine column wa$.04lyand thecorrelation was

poor.

Among the different column types, the pH decreased as
the [Zp]:[SO] molar ratios decreased. Hardly any sulfate
originated from sphalerite oxidation in the fine column, which had
othestpH. Incontrast, the sand column exhibited the highest

[Zn]:}]SO ] molar ratio in the leachate and had the highest pH. This

geodemically reduced in the columns because of the abundanceend tsuggsts that the pH of a leachate will decrease as the

of more reactive electron acceptofge., ferric hydroxides).
Secondary sulfate minerals were another possible sink for sulfate.
In columns with pH values below 4, gypsum (CgSO ) was the
mostly likely sulfate mineral to be supersaturated. The saturation
index of gypsum in the sample having the highest sulfate
concentration(T1, cycle 5) was -0.13 log units. Because most of

proportion of sulfate originating from pyrite oxidation increases.

The oxidation of pyrite results in the production of both acid and
sulfate.

, F8Y5tQ +3.5H O- Fe(OH), (s) +4H +2S@ . (A

the samples had much lower sulfate and Ca concentrations, gypsumThe oxidation of monosulfide minerals does not produce acid if

probably did not precipitate to any appreciable degree.

Because sulfate was the only significant anion, it is not
surpridng that many of the cations exhibited correlations with
sulfate, because ion balance must be maintained. Linear re-
gression analyses with sulfate were performed for all major cations
and are interpreted below in terms of geochemical reactions.
Multiple regression analyses were not performed because sulfate is
the master independent variable for cations; secondary effects were
seen amegative correlations with other cations. Although factor
analysis was beyond the scope of Rlstheprimary factors could
be predicted from the geochemical interpretation of the linear
regression analysis.

Examination of the element-element relationships throughout the
course ofthe experiments also provided some indication of the
consistency of the dominant geochemical reactions. In addition,
the [Zn]:[SQ] molar ratio provided some indication of what
portion of the sulfate was produced by sphalerite oxidation and
what portion was generated by pyrite oxidation. The columns
containing original composite material exhibited a consistent Zn:S

the cation does not hydrolyze. Therefore —

ZnS 200" + SQ” . (B)
Because sphalerite is usually contaminated with Fe, the oxidation
of sphalerite will cause some acid production. The oxidation of
ferrous monosulfide (FeS) in the sphalerite l4ftice to Fe and it
subsequent hydrolysis and precipitation walkjarpdutanly
half as much as pyrite oxidation products.
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Figure 14.—Comparisons of elements in column leachate. A, Znversus S; B, Cd versus Zn.
FeS+2.25Q +25HOGFe(OH) (s)+2H + Sé’ . (C) greater than the oxidation of pyrite

in these two types of columns. Therefore, the surface area available
The F&' in sphalerite from mines in the East Fork of Nine Milefor sphalerite oxidation must have been much greater than the area
Creek ranged from0.4 wt % to 4 wt % (Fryklund, 1964). available for pyrite oxidation. A high degree of sphalerite
Therefore, up to another 7% of the S generated from sphalerite liberation, like that found for the finer fractions examined by SEM,
oxidation may have been associated with ferrous monosulfide from may be responsible for the high reactivity of sphalerite in the
contamination of the sphalerite. These reactions indicate it isn’t the columns containing the coarser material.

portion of sulfate generated by pyrite that contrpls, but the The geahemical behavior of the oxidation products may also
amount of pyrite oxidized. During the second wet period explainthe greater reactivity of Zn in the columns containing the
(leachings 24 througlt83), the average Soncentrations were 282, original composite material, gravel fraction, and sand fraction. Zn
113, 310, and 270 mg/L for thegiginal composite material, gravel is very mobile and therefore is washeay, leaving new
fraction, sand fraction, and fine fraction, respectively. If the sphalerite surfaces for oxidation. As suggested by the

portion of S associated with Zn is subtracted from these nenaibgical analysis, the in situ oxidization of pyrite and the

concentrations (table25), 260, 104, 71, and 5mg/L S was subsequent hydrolysis and precipitation of Fe produces a

generated by other sulfide oxidation reactions (pyrite, chalcopyrite precipitate, which could act as a barrier to further oxidation. The

[CuFeS ], FeS in sphalerite) in the fine fraction, original composite dominance of sphalerite oxidation over pyrite oxidation in the later

material, sand fraction, and gravel fraction, respectively. In age$ ofthe oxidation of tailings would only occur in jig tailings.

general, increasing S generated by reactions other than sphalerite With reelstemonosulfides are present in mushaller

oxidation resulted in decreasing pH’'s. The higher pH oftmel  quartities than pyrite. With flotation tailings, the finer grain size

fractionrelative to the pH of the gravel fraction was the exception usually limits oxygen diffusion. Rather than being oxidized in

to this trend, which will be examined later in this section. situ, thé Fe produced from the oxidation of pyrite may tend to be
It is not known what soil characteristic is responsible for the transported away from the oxéitationn contrast, theoarser

[Zn]:[SO,] in the four columns. The lack of visible pyrite in the wmig of jig tailings favors oxygen diffusion and in situ oxidation

sand samples examined by SEM explains the high [Zn]:[SO ] ratio. of Fe hydroxides on pyrite

For the original composite material and the gravel fraction, the

oxidation of sphalerite may be outcompeting pyrite for electron

acceptors. Despite the slower area-specific oxidation rate of

sphalerite relative to pyrite (Rimstidt and others, 1994; Scharer and

others, 1994), the overall oxidation of sphalerite was equal to or
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surfaces. The accumulation of Fe hydroxides on the surface progression but with a lesser spread between the segments, whicl
of the pyrite would inhibit pyrite oxidation and could lead resulted in higfer R with S for individual coluring.(R2 =to
to dominance of sphalerite oxidation. The coarse nature of 0.74). When Mg in the sand columns was regressed against Ce
jig tailings may explain the high Zn concentrations and (figurd) 16uch better R s were found* (R = 0.75 to 0.79). As
circumneutral pH's of pore waters from jig tailings around thewere the correlations with S, there were some differences in
Coeur d’Alene Basin. [Mg]:[Ca] molar ratios among the column ty(@82, 0.36, 0.22,

When Cdconcentrations in the leachate were regressed againand 0.44 for theoriginal composite material, gravels, sands, and
Zn (figure 14), a remarkably high correlation was found for the fines, respectively). The Mn:Ca regressions of the leachate from
original composite material, gravel, and sand columrfs (R = 0.98, the original composite material and fines were also better correlated
0.97, and 0.91respectively) (tabl25). The[Cd]:[Zn] molar ratio than the regressions with S (figur®)L6 Significant differences in
for the three columns containing the original composite material the Mn:Ca ratio were observed among column types.
regressed together was 0.0034 while the molar ratio of the gravel coAelation between Ca and Mg may suggest a carbonate
columns was 0.0031 ([Zn][Cd] ratios of 292:1 and 316:1,phase. However, the slightly acidic leachate and the low Ca
respectively). The sand columns exhibited a lower ratio of 0.0025 content of the sand (ta88ont %) suggest that any carbonate
([Zn]:[Cd] ratio of 408:1), even after the last five leachings werephasesoriginally present probably had already been dissolved
eliminated from the regression analysis because they were below during the many decades since these tailings were deposited on tt
the regression line fand. The quality of these data could not be ooél plain. The change in the molar ratio 6&, Mg, and Mn to
assured because this was the last analytical run before the laboratory S of the leachate from the sand columns during the colum
manager left Federal service. The [Cd]:[Zn] regression for the fine leaching tests suggests that ion exchange was likely responsible for
column (0.0041, or a [Zn]:[Cd] ratio of 241) producednigher the correlation between Ca avid. It can beseen that [Ca]:[SQ ]
slope, but Cd was less correlated with ZA (R = 0.51). These molar and [Mg]:[SO ] ratios decreased during the first wet-dry cycle for
ratios are consistent with the degree of lattice contamination inand solumn S3 (figure 17). For th#g]:[SO,] molar ratio, the
sphalerite(0.2 to 0.4 wt % Cd irsphalerite) mined from the East most dramatic decrease occurred during the first wet period. The
Fork of Nine Mile Creek (Fryklund, 1964). The high degree of [Ca];[SO ] molar ratio decreased during most of the experiment
Cd correlation with Zn in most of the columns strongly suggests with the most dramatic decrease occurring during the second wet
that the Cd originated from lattice contamination of the sphaleriteperiod. The [Ca]:[SQ ] molar ratio in the leachate seemed to

Ca, Mg, and Mn in theriginal composite material columns and stabilize during the second dry period. Mgiththe most
the gravel columns (figure 15) were less correlated with S than was dramatic decrease in the molar ratio of,[Mg]:[SO ] occurred during
Zn (table 25). R foindividual columns was greatest for Mn (0.84 the first wet period. The Mn:S molar ratios were initially much
to 0.96), followed by Mg (0.81 to 0.91), and finally Ca (0.68 to owler than those of Ca and Mg and decreased only slightly during
0.87). Mn in sphalerite mined from the watershed (0.01 to 0.06 wt the column leaching tests. In con{é&sk[$i@] molar ratio
%) corresponded to a Mn:Zn ratio between 0.0002 and 0.0011. Imcreasediuring the experiment. This would suggest sig- nificant

contrast, the ratio of Mn:Zn released from the column was between ion exchange during the beginning of the experiment between
0.11 and 0.20. Therefore, the most of the Mn could not have  @ted Caand Mg and soluble Zn produced by the oxidation of
originated from sphalerite. sphalerite.

While there were only small differences in the molar ratios
within each type of column, significant differences in the X=Cd' +zi" - X=zn" + C&", (D)

[Ca]:[SO,] and [Mg]:[SQ ] ratios among different types of columns
were fownd. Forinstance, the [Mg]:[SQ ] ratio in the gravel wheretheX=Ca =the solid surface with an attached divalent ion.
columns (0.078) was almost twice the [Mg]:[SO] ratio of the Likewise, the decrease in pH (incredse in H ) during the experiment
original composite material column (0.046). The sand columns suggests that the following reaction was also occurring initially.
clearly illustrated that Ca and Mg were highly correlated in their
release. The regressions of these elements against S suggest weak X=Ca' + H - X=Ho + C4". (E)
correlation (R = 0.21 to 0.37).
The lack ofcorrelation of Ca with S was not random, for the
progression of Ca release during the column leaching tests
indicated a trend toward lower Ca:S ratios (figur®)5 Initially,
Ca increased steeply with increasing S at beginning of the
experiment. During the first wet period, Ca decreased while
maintaining the high slope with respect to S. As Ca increased with
increasing S during the first dry period, the slope flattened. Ca
decreased much more rapidly with respect to S during the second
wet period relative to the first wet period. The slope of the Ca
increase with respect to the S increase during the second dry period
was much lower than the slope during the first dry period. Mg
showed asimilar sequential progression and exhibited R with S
ranging between.08 and 0.17 (not shown). Mn alsleowed this
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When all the Ca and Mg on the solid surface had been columns containing the original composite mateGadQR and
exchanged, these two reactions ceased and molar ratios then more moderately correlated in two of the three gravef columns (R = 0.7
closely reflected the oxidation reactions. The initial ion exchangand 0.73). In contrast, Ceoncentrations in the sand and fine
of soluble Zn would explain the acceleration of Zn observed in the columems low and did not correlate with S. As wilin, the
sand column (figure A) without a concurrent change in S release Cu:Zn ratio in sphalerite mined from the drainage (0.00006 to
(figure 3B). While the amount of S released during the first and 00012)was much lower than the Cu:Zn ratio released from the
seconddry periods remained about the same, the proportion of columns (0.0026 to 0.005), indicating that Cu watebséy
cations released changed because of ion exchange. This from a solid component other than sphalerite.
interpretation suggests that Zn concentrations in the leachate from No significant correlations of Pb with S were found for the
the sand fraction would follow the cyclic pattern of S and would columns containing the original composite material, the gravel
not continue to increase. It is not known if the uptake of Ca anéraction, and the sand fraction. This observation suggests that any
Mg duringthe composite separation process was controlled by the Pb released during the oxidative process was subsequently
nature of the gangue material in the sand fraction or the additional removed from solution as a result of the higher pH in these
contact ofthe sand fraction with clean tap water as the fines were column8.gkb 4relative to pH2.5 of thefine column). At
washed €. It is also not known what the source was for the low much lower concentrations of adsorptive sites, Pb adsorption onto
level of release o€a, Mg, and Mrafter the ion-exchange capacity Beyhydroxides begins at a pH as low &% (Benjamin, 1978).
of the sands had been depleted. Aduaratenegative correlation with S {R = 0.43) was found for

Neither Nanor K concentrations correlated with Si, or Al the finecolumn (figure 18). At the lower pH of the fines,
concentations. However, the molar concentrations of Na + K adsorption processes were negligible, and Pb concentrations
(figure 18\ (table 25) were correlated with S for the original seemed to be controlled by anglesite solubility (ffgure 11
composite material and gravel columng (R0.Z2 to 0.98 and 0.80 The cmcentrations of leachates from the humidity cells
to 0.89,respectively). Na + K was moderately correlated with S incontaining the fine fraction were subjected to a limited regression
the sand columns and not correlated in the fine column. analysis. The regression of Zn with S (as sulfate) was much

Al concentrations in the columns containing original composite rongger inthe humidity cells (figure 20) relative to the regression
material exhibited initial flushing behavior, were influenced by acidfor the column containing the fine fraction. However, the
production from oxidation during both cycles, and were highly [Zn];[SO ] molar ratios in the humidity cells containing the fine
correlated with S concentrations’(R = 0.85) (table 25) (figuB).18 fraction(0.23 to 0.35) indicate that pyrite oxidation dominated the
The grvel and sand columns also exhibited high correlations with reactions, producing sulfate in the humidity cells as it did in the
S (R = 0.88 and 0.72espectively). The release of Al from the columns containing the fine fraction.
fines was low and was not correlated with S. Al was
undersaturated with respect to gibbsite [Al(@H) ] and did not seem Reconstruction of Geochemical Reactions
to be correlated wittpH. These observations indicated that Al
removal by gibbsite precipitation was not occurring to a significant The @ncentrations of dissolved species were influenced by the
e X t e n t a t oxidation of sulfide minerals and the attendant acid production
these low pH's. redting from pyrite oxidation and their removal by geochemical

Si in the leachate from the gravel, sand, and fine columns was processes. The products of oxidation of sulfideweri@erals
correlatedwith S (R = 0.73, 0.60, and 0.68:spectively) (table released either from secondary salts present at the beginning of the
25). Si in the columns containing the original composite material experiment, secondary salts formed during the dry periods, or from
reached amaximum of about 70 mg/L regardless of S redit oxdation of sulfide minerals. S was assumed not to have
coneentrations (figure 18). The saturation indices shown in participated in any removal processes and thus was used as a tracer
figure 1QA indicate that Si was slightly supersaturated with respect for sulfide mineral oxidation.

to amorphous silica (Si® nH,O). Precipitation of silica seemed The geochemical reactions that occurred in the gravel columns
to be the cause of the lower correlatiof (R = 0.51) irctilemns were reconstructed from the element-versus-element plots using the
containing the original composite material. ower estimate of Fe contamination of sphalerite. The series of

Significant amounts of Fe were found in the leachate from theeactons were normalized to 1 mole of sulfate
fines only when the pH dropped bel@®?2 (figure 18). When
the ORP was set so that all Fe was assumed to’be Fe , Fe in the
leachate from the fines was undersaturated with respect to
amorphous Feoxide [Fe(OH)] by aboutl.5 log units but
supersaturated with respect to goethite [FeO(OH)]. This
observation suggests that Fe was probably controlled by some form
of ferric oxyhydroxide having an intermediate solubility. This was
not surprising considering that the collection bottle, the column
inlet, and the column outlet were open to the air. Arigation
of ferrous Fe that occurred in these column experiments would also
occur in a shallow oxygenated aquifer below a mine waste pile.

The correlations of Cu with S (figure Apwere highest in the
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released (table 26). The stoichiometric coefficients for the reactions
were obtained from the regression of the elements against sulfate.
Sulfate was produced from the oxidation of sphalerite, pyrite, and
chalcopyrite (reactions F, G, and H). The stoichiometric coefficient
for Cu inreaction G was obtained from figureA@nd table 25.
The coefficient for Zn in reaction F was obtained from figura. 14
The oxidation of the sulfide in sphalerite and chalcopyrite to sulfate
in itself is acid neutral. However, acid is formed by the oxidation
and hydrolysis of ferrous Fe to produce ferric hydroxide solids
(reacton 1). The stoichiometric coefficient for pyrite oxidation
(reacton H) is calculated by difference [(1(0.53 + 0.068))/2].

For pyrite, acid is produced both by the oxidation of S (-1) and by
the oxidation, hydrolysis, and precipitation of Fe.

Since Na, K, Si, and Al probably originated from
aluminosilicates, gangue minerals that were present in the sample
were examined for their K:Al:Si ratios. The (K + Na):Al:Si ratio
of the leachate (1:3:3) was consistent with the dissolution of the
muscovite [KAL S Q,(OH)] present as a major gangue mineral
(reaction J) if Na were allowed to substitute for K. The dissolution
of this gangue mineral consumes acid. The ion exchange that was
inferred to beoc- curring within the sand fraction was assumed to
be responsible for the release@d, Mg, and Mrfrom the gravel
fraction (reaction K).

As shown inreaction A, 2 moles of acid are produced for each
mole of sulfate produced by pyrite oxidation. When
the sulfate generated only by pyrite (reaction H) and
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Equation Reaction stoichiometry Reaction

Foooo... 0.53 (ZNg g9, F€0,01, Clg0034)S + 1.18 0, = 0.53 Zn* + 0.006 Fe** + 0.0020 Cd** + 0.53 SO,~ Sphalerite oxidation.

G ...... 0.034 CuFeS, + 0.136 O, - 0.034 Cu” + 0.034 Fe** + 0.068 SO, Chalcopyrite oxidation.

H....... 0.20 FeS, + 0.7 O, + 0.20 H,0 - 0.20 Fe** + 0.40 H' + 0.40 SO,” Pyrite oxidation.

[ 0.24 Fe*" +0.06 O, + 0.6 H,O — 0.24 Fe(OH),(s) + 0.48 H* Fe oxidation, hydrolysis, and
precipitation.

J ... 0.04 (Na, K),Al,Si;0,,(0OH), + 0.4 H" - 0.04 (Na',K") + 0.12 AF* + 0.12 H,SiO, Muscovite dissolution.

K.o.oo.... 0.4 X=(Cag s, Mgg 25, MNg »75)+0.4H" - 0.4 X=H°+ 0.2 Ca* 0.09 Mg* 0.11 Mn*" lon exchange.

L.oounn. vAP +VvH,0 = vAIOH)?*, +vH" Al hydrolysis.

M ... w PbS +2w O, = w PbSO, (s) Galena oxidation and anglesite

precipitation.
N....... x H,SiO, = X SiO,(s) + x H,0 Silica precipitation.
O ...... Y (ZNg.9997 Clooea) SO, — ¥ Zn*" +0.0034 y Cd** +y SO,~ ZnS0, dissolution.

the acid produced from the hydrolysis of’Fe (reaction 1) from sta&sts t there was only one leaching having substartighct

reaction H and other reactio(®04 mole Fe per mole of sulfate in between the water and the solids. Likewise, wet separation of the

reactions F and G) were summ@d38 mole of acid waproduced original composite material into the three size fractions can also be

for each mole of sulfate found in the leachate. When ion exchangmnsdered a large-volume static test because considerable contact

is assumed to contr&a, Mg, and Mncon- centrations).8 mole between solids and leachant was achieved. The amount of each

of acid is neutralized per mole of sulfate produced (reactions J and element released from the original composite material can be

K). Within the low pH range of the leachate from the gravel calculated because the concentration of each element was measurec

columns (pH 3.5), Al is the onlyelement in significant in the decant waters and the total volumes of wash water were

concentrations in solution to provide any buffering capacity measured during each of two batch separation processes.

through its hydrolysis (reactiorL). How- ever, thebuffering Concentrations in the decant water were corrected for the elements

capacity of Al* isvery limited at a pH 2 logs units away from its originally in the tap water.

acidity constant. More definitive informa- tion of the origin of the In a column leaching kimesticcontact between theachant

Ca, Mg, and Mn in the leachate from all the columns is needed t@nd the solids is much diminished in comparison to contact in a

better define the acid balance. statictest. In the column leaching tests, the ratios of the volume of
Given the simplicity of these reactions, this degree of agreemefitquid leached to the weight of solids in the columns for each wet-

within a wide range of uncertainty suggests that the reactiondry cycle (0.24 to 0.41 L/kg) were onlyne-fifth the ratio

describe the overall acid-base reactions reasonﬂb'V Several maintained in the static tests (25 L/kg) Therefore, the release of

other reactions may also occur that neither produce nor consurfé€Mments per leaching was summed over a number of leachings to

acid in this low pH range (< pH 4). The oxidation of galena is acicPbtain a cumulative release. Releases during each of the two wet-

neutral if Pb isnot hydrolyzed at this low pH and if sulfate is the dry cydes Of_ th_e column tes;s yvere sumr_m_ed separately. In

final S product. The presence of anglesite determined by SEM a ntrast, the liquid-to-solids ratio in the humidity cell tests (13.6

: . . : L/kg) was much greater than the ratio for the static tests. The
the high recovery of Pb by gravity separati®o®., asanglesite) . - .
: . . eleases during the humidity cell tests were summed over the entire
suggest that most of the galena that is oxidized is converted

. . . . . . z?l leachingeests because these tests did not exhibit the variabilit
anglesite (reactioM). At high dissolved Si concentrations, one of Ing " ! xnib vanabiity

th ietv of silicate mi | initat o Th found in the column tests. Once the releases of metals during each
e variety of silicate minerals may precipitate (reactijn e static and kinetic test were normalized to the amounts of the solids,

dissoluton of ZnSQ  with concurrent Cd release (reaction N) iSyitterent leaching treatments for the segregated materials could be
also acid neutral if it is assumed that the ferrous Fe in the orlgln%lompared.

sphalerite had previously been oxidized and hydrolyzed. As far as the elements were grouped, first, by the amounts of their release
the acid-base balance is concerned, the dissolution of ZnSO can §§ring column experiments with the original composite material
substituted for sphalerite oxidation if the effects of the contaminante|ative to total element concentrations in the solid phase and,
Fe are ignored. second, by comparisons of the results of the static and kinetic tests.
For many éements studied, only a fraction (< 0.1%) of th&al
element concentrations were released during the first wet-dry cycle
(table 27). Thisexamination of the relationships between the
extent of release and total metal

COMPARISONS OF METAL RELEASE WITH
TOTAL ELEMENT CONCENTRATIONS
IN THE SOLID PHASE

The rekases of metals per a single leaching (milligrams per
leaching) were obtained by multiplying the concentrations of
elements in the leachate (milligrams per liter) by the volume of
water recovered (liters per leaching). This amount of each element
was thennormalized to the total mass of material the leachant
contacted (milligrams per kilogram of material per leaching). In the
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concentations was consistent with reactions F throughN&, K, of the S waseleased during the first wet-dry period, resulting in a
Al, and Siwere released at a very slow rate by the acid attack on residence time of 17 years.
aluminosilicate minerals. For the elements associated with The residence tink=s fdg, and Mnwere calculated to be

muscovite dissolutio(Na, K, Si, and Al), theplots of element 37 years, 222 years, and 88 years, respectively. As shown with the
versus S suggest that the release of these elements was dependand frastion, the ion-exchange capacity of the solids can be

on how the controlling geochemical oxidation reactions andiepletedquickly. Clearly, the nature and kinetics@&, Mg, and
subsequent dissolution proceeded. Because of the stoichiometry of Mn releases from more refractory forms will dictate their eventual
these element§.e., low stoichiometric co- efficients for the overall time to consumption.

readion), release was low even at the fairly low pH'’s found in the

leachates. The low release of Pb (<0.03%) seemed to be controlled COMPARISONS OF METAL RELEASE BETWEEN

by anglesitesolubility. Fe release was only found in the fine STATIC AND KINETIC TESTS
fraction (0.02% of the total) and was probably controlled by ferric
hydroxide solubility. The elements that were released in significant amounts can be

A rough estimate of the time before the original composite divided according to whether most of the release was through
material might leach significant amounts of elements under these dissolution of water-soluble minerals or through oxidation and the
laboratory conditions can be made by dividing total element attack of the resattidg Dissolution of soluble minerals was
concentration by the leachimgte. The leaching rate for thiest responsible for most of the release during the short time of a static
wet-dry cycle in milligrams of element per kilogram of solids of the tbetaise in situ oxidation was unlikely to occur at a rate
original composite material per one-third year (column leaching sufficient to release significant amounts of metals. In contrast, the
during first cycle in table 27) was used. Thissidence-time releases of elements during column tests were a result of both
calculation assumes that the leaching rate for the second wet-dry dissolution of soluble minerals and oxidation that occurred during
cycle continues at the same rate throughout the entire time of the tegheThus, the ratio of release during the static tests relative to
estimate. Many physical and geochemical conditions tend to slow release during the column tests gives some indication which
down the leaching rate with time, and thus a longer perioiihod process predominated during the column tests.
is required to leach the same amount of an element. Implicit in this odeMte releases oCa, Mg, and Mnassociated with ion
calculation is the as- sumption that the mineral being dissolved or exchange were found both in the static tests and the first cycle of
oxidized during these leaching tests contributes most of the mass the column leaching tests. More than 8%, dighend Mn
of the element. If the element were also present inrkgive released during the first wet-dry cycle of the column test was
minerals, then the time-to-consumption of the dissolving phase will released during the static test. In contrast, between 50% and 70%
be overestimated to the extent that other nonreactive phases are of the Zn and S released during the column tests was releas
present. In addition, missing leachate concentration data williuring the static test, indicating the presence of sol@€0O, in
undeestimate the release, which results in an overestimation of the original composite material. Therefore, Zn and sulfate in the

residence time. column tests were released both from the dissolution of soluble
Although the original composite material was only one sample 4nSO salts and from the oxidation of sphalerite.
and the laboratory conditions did not precisely simulate Both the humidity cell and column leaching tests were

environmental conditions, these calculations gave a rough estimatonducted orthe wet-screened fine fraction for about 270 days.

of the time the reactions could continue at their present rate. For Kherdore, estimates of the acceleration of weathering processes in

Na, and Al,residence times between 1,500 and 3,600 ywars humidity cells can be made by comparing the release rates from the

calculated under these acidic conditions, while the residence time two different tests. In addition to the weekly wet air-dry air cycle

for Si was9,000 years. The predominance of less reacfixetz in which the nature of the contact between water and solids was

in the gangue minerals explains the much longer residence time fohanged,the humidity cells were leached with 34 times as much

Si. water as the columns (13.6 L/kg versus 0.40 L/kg). The ratio of
The remaiing elements (Cavilg, Mn, Znwith Cd, and S) had humidity cell release to the release from the columns containing the

higher stoichiometric coefficients, and their releases were greater same mater@bveas] 5.2 for Zn and Sespectively. The

than 0.3% of their metatoncentrations during the first leaching ratios for elements associated with ion exchange ranged between

cycle. Cuconcentrations in both the solids and liquids were too  far6Mn to 6.4 for Ca. Theatios for elements associated with

low for a definitive pattern to be discerned. During the first wet- the gangue minerals ranged t&®ivEenAl to 23 for K. The

dry cycle, about 4% of the Zn was released from the original higher liquid-to-solid ratios for the humidity cell experiments

composite material. Therefore, if release continued ardlés Zn  resulted in less concentrated leachates and a higher pH. This higher

minerals having the same reactivity as those that were solubilized pH inhibited the release of Fe from the humidity cells, which was

during the leaching experiment would be consumed in 25 one-owel than the Fe release from the column tests by a factor of 3.

third-year periods, or 8.6 years. About 2% The ratios for Cu
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and Pbwere 19 and 7, respectively. Although the humidity cells The cumulative release of Zn from the gravel fraction during the
acceleated the release of all elements excEpt much of this scondwet-dry cycle (59 mg/kg) was similar to that of the first
acceleated release may have been the result of greater flushing of wet-dry cycle (62 mg/kg)7takdbruring the last sileachings

the material with more water. On the basis of these datanitot of the second dry cycle (last 75 days), Zn release from the sand

be determined if the acceleration in weathering in the humidity cells fraction accelerated, resulting in releases from the sand columns tha
was a result of greater oxidation during the dry periods or by the were higher than the releases from the original composite material.
more effective flushing of oxidation products from the humidity The cumulative Zn release from the sand fraction increased from 68

cells by the greater amounts of water. mg/kg during the first cycle to 228 mg/kg during the second cycle.
The cumlative releases from the fine column during the two
EFFECTS OF SEPARATION ON METAL cycleswere much lower (33 and 20 mg/kg, respectively). Despite
RELEASE IN COLUMN TESTS the acceleration of Zn release from the sand fraction, the cumulative

weighted-average release of the segregated fractions during the

The effects of segregating the original composite material can be second wet-dry cycle (69 mg/kg) was still lower than that from the
determined by comparing metal release from the original composite original composite material (163 mg/kg).
material with metal release from the segregated material, weighted The weighted-average Zn release and the contribution of Zn
according to their respective contributions to the original composite from the gravel fraction are normalized to release of the original
material. In general, the weighted-average metal release from the composite material for each specific leaching?ih figlhee
segregated material was less than the metal release from the original weighted-average release simulates remediation options in whic
composite material (table 27). Some of this decrease was caused by all materials are left on site after separation. During the initia
c h a n g i n g sages ofthe column tests, when the effects of the wet screening
the interaction between water flow and the geochemical reactionsiere operating, and during the wet period of the second cycle, the
Some of the decrease was a result of washing soluble salts off the weighted-average release was less than 40% of the release from 1
original composite material during the wet- separation process. It original composite material. The higher release from the sand
was assumed that this flushing effect was limited to the first wet-dry fraction after the second dry period increased the weighted-average
cycle. Therefore, the release of an element from the original release to 60% of the release from the original composite material.
composite material during the first wet-dry cycle was compared t@®verall, during the two wet-dry cycles, the release of Zn from the
the summation of the weighted-average release of elements from original composite material was 302 mg/kg while the weighted-
the segregated fractions plus the elements released during the batch average release from the segregated fractions was 122 mg/kg. O
separation. For the comparisons of the second wet-dry cycle, metal 67 mg/kg of this 180 mg/kg difference can be attributed to
release from the original composite material was compared directly washing of soluble Zn salts during the wet-screening process.
to the weighted-average release from the segregated material. Therefore, 67% (113 of 180 mg/kg) of this difference in the

Zn is considered in detail below to illustrate the concepts behind cumulative release must have been a result of changing the
the comparisons of metal release. The release per leaching fgeodemical or hydrological flow characteristics of the columns as
columns containing the original composite material and the three a result of the separation process.
segre@ted fractions is shown in figure 21 The high release of When aly the gravel fraction was simulated as remaining on
Zn from the columns containing the original composite materiakite, the gravels contributed only 20% of the release from the
during the initial leaching cycles was probably a result of the original composite material during the period in which the effects
dissoluton of soluble Zn salts. Since these salts were removed to of the wet screening were operating and during both wet periods.
a large extent during the wet screening while the segregateduring the dry periods, removal of the sand and fine fractions
fractions were being prepared, the releases of Zn from these (40% of the mass) resulted in a 60% decrease in release.
segregated fractions were muelss. Consequently, tlealculated The cumulative S release from the columns containing the
weighted-average release of Zn from the segregated fraction was original composite material during the first cycle (171 mg/kg)
also lower than releases from the original composite material. The (table 27) was significantly higher than the weighted-average S
cumulative release of Zn from the original composite material release from segregated colunppsn)76 As with Zn, this
during the first wet-dry cycle (to the third cycle after the dry period
at 139 days) was 139 milligrams of Zn per kilogram of solids
(figure 21B) (table 27). In contrast, theeighted-average release
of the segregated fractions was only 53 mg/kg. Much of this dif-
ferencecan be explained by the dissolution of soluble Zn salts
during wet screening (average 67 mg/kg for the processing of the
two batches). The cumulative difference between the release from
the original composite material and the weighted average of the
segregated fractions is also shown in figur€.21The dissolution
of Zn salts during the wet-screening process (average 67 mg/kg)
can accant for this cumulative difference in release between the
original composite material and the weighted average of the
segregated columns only through the first 50 days of leaching.
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difference can be accounted for by the release of S into the resulting cumulative releases were less than 6 and 3 mg/kg for K

processing water during the wet-screening process (average 122 and Na, respectively.

mg/kg). However, S release from the original composite material The cunulative release of Al from the original composite

(101 mg/kg)during the second cycle was still twice that of the material during both cycles was 31 mg/kg, while the cumulative

weighted-average release from the segregated fractions (54 mg/kg). release from the segregated fractions was 8 mg/kg. The releases
For the major cations, releases were much smaller than the Cu and Cd from the original composite material were small (2.8

releases of Zn and sulfate. The differences between the cumulatisad 2.0 mg/kg,respectively) and similar to those of the weighted

release from the original composite material during the first cycle average (2.1 and 1.9 mg/kg, respectively).

and thecalculated weighted average from the segregated material The behavior of Pb was anomalous in that the segregation of the

were somewhat diminished because the segregated columns had material increased the amounts of Pb released from the column

significant releases during the first four leachings when no water The release from the columns containing the original composite

was recovered from the columns containing the original composite material during the two cycle® wagkg,while that of the

material. The release of weighted average wa8.1 mg/kg. Much of this increase is

Ca from the original composite material was 22 mg/kg during the attributable to Pb release from the gravel columns, which was 3.2

first cycle. Ofthe 17 ppm of Ca released from the segregated mg/kg during the two cycles. As shown in figufeb 11

columns during the first cycle, 5 mg/kg was released during theoncentations in the column leachates seemed to be controlled by

first four leachings. Likewis€2.1 of the 5.1 ppm Mg and 5 of the anglesite solubility. The remediation option of separation was

16 ppm Mn were released during the first four leachings. Theartially successful in reducing Zn and sulfate release. However,

cumulative releases for both the original composite material and the such success had the adverse consequence of diminishing the effe

weighted average of the segregated fractions during the second that high sulfate concentrations had on limiting Pb solubility. The

cycle were lower than the releases during the first cycle. Theanglesite control of Pb release from the gravel fraction emphasizes

weighted-average releases of the segregated columns during the the need for effective separation treatments because the angles

second cycle were |l ower was concentrated in the fine fraction.

than releases from the original composite material. The
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PHYSICAL SEPARATION AS A MEANS TO For on-ste disposal of the coarser fractions after separation and
REDUCE METAL LEACHING RATES washing to be effective, the coarser fraction must be much less
likely to inherently release metals by oxidation of sulfide minerals.
The separation of the porous gravel fraction from the chemicall{on-site disposal of the coarser fraction will probably have limited
reactive sand and fine fractions of the original composite materisiuccess when the entire size spectrum of the soil contains
did change the interaction between the hydrology andinoxidized sulfides, such as this original composite material did.
geodemistry of the columns in a manner that reduced metaDn-site disposal of the coarser fraction as the only remediation
loadings. However, the gravel fraction con- tinued to releaseprocess is more suited to a stream reach where the coarser fraction
significantamounts of metals. In an experi- ment ancillary to theis primarily natural alluvial gravels.
leaching tests, dry-screened gravel from the same original The fine fraction was subjected to a variety of mineral-processing
composite material was cleaned using a variety of wet and drigchniques to further reduce the portion of material required to be
methods, and the resulting solids were subjected to a static leachifligPosed of in a mine waste repository. Gravity separation was a
test (table 1). The results of this experiment clearly showed that t@irly successful technique in concentratiigp, probably as
chemically reactive fines and sands adhering to the surfaces of tRB9lesite. However, the removal of the Pb as anglesite would have
gravels controlled the initial release of metals. To remove the finei® P& much more efficient in order to re- duce Pb release. Pb
material from the surfaces of the coarser gravel, water must be usklease is contrplled by .s.ulfate concentra- tions in |nt§rst|t|al waters
(table21). Wetscreening of the gravels and wet rolling in a bomethrough anglesite solut_)lllty, rather than by the oxidation of galena.
producediow initial Zn releases (75% reduction from the control | "ér€fore,any anglesite present can release Pb at low sulfate
material). Wet screening after dry milling of the gravels produced:oncemratlons. This separation would only be feasible if it were

the lowest initial Zn release (85% reduction), but also generate‘amnom'ca,| to smelt the gravity cgncentrate (39%),' Wh||§ .
additional fine material because of attrition of the gravels. concentration of 27% of the Fe into the magnetic fraction is
Any remediation option that includes separation and on-sitgnteresting, little of the metals of interest are associated with this
disposal of the coarser fraction must pay particular attention to thggggrztt:Cﬂi;g?gggiémionr;ﬁol:] theasm\?a%EZETe C;Smsc;ggggtg:’:ﬁhv\;?ul d
efficiency of separating the finer fraction of the soil that adheres to '

. . . . ' . magnetic separation be beneficial. Conventional flotation was
the material that will remain on site. The finer fraction left on the, . . . .
. o ineffective in concentrating the elements of interest, probably
surfaces othe gravel will control initial metal release. Trommels

idel d in the initial i " H it tbecause of the extent of oxidation.
are widely used in the nitial separation step. owever, T no Although removal of the sand and fine fractions caused a

properly operated, a sig- nificant amount of fines can be reJECte%Iisproportionate decrease in Zn release, the effects of changing the

along with the <_:oarser material (E_PA‘ 1995). Aatd@honal chemistry or hydrology of the gravel fraction were not sufficient to
washing of the rejected coarse material from trommels is suggestgglggeSt an on-site remediation option in which the physical

in which the cost of treating the water is balanced against the Val%%paration of a size fraction is the only treatment. However, this
of further reducing initial release. _ _ research does suggest some disposal options. If this material were
In this demonstration, the gravel fraction continued to releasg, pe disposed of in a repository, strategically placing different size
metals after the effects of the adhered fine fraction had diminisheg.5tionsinto different layers might minimize the amount of metal
Both the mineralogical analysis and the wet cycle-dry cycle datgg|eased by the actions of any water that did percolate through the
(figure &) indicated that the gravels in this original compositesystem (figure 23). If theepository were isolated from ground
material had an inherent ability to release metals because th@yster by placing the most reactive fraction on the bottom and
containedsulfide minerals. In retrospect, the reach on the Eastoyering it with the finer fraction, water percolation could be
Fork of Nine Mile Creek was not the ideal site from which to minimized (recall that one column of fine material clogged,
collect the original composite material because a mill was oncedicating limited hydrological conductivity). The coarser fraction
located there. Much of the coarser fraction may have been brougbbuld then be placed over the finest fraction to act as a drain for
to the site for milling rather than being transported by fluvialany percolatingwater. The discontinuity in  hydrological
processes. In addition, the hydrological isolation of part of theonductivity at the gravel-fines boundary would minimize water
original composite material may have skewed the results of theser a n s p o r t through the
experiments. On the other hand, these isolated pocketstefial  fine fraction (Richardson effect) and maximize drainage through
may be widespread at mine waste sites, and the original compositee less reactive material. This separation process could be
material may be representative of many sites. combined with other chemical stabilization processes, such as
neutmlization, addition of reducing agents to limit oxygen
penetration, or providing a chemically reactive underliner.
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Figure 23.—Schematic of hybrid approach of using size fractionation in conjunction with disposal in
repository.
CONCLUSIONS
Mine waste from the East Fork of Nine Mile Creek was tested to When releases of metal from the original composite material were

determine the feasibility of size separation as a primary remediation compared to the weighted-average releases from the three siz
option. The hypothesis to be tested was that separating the porduactions,size separation reduced Zn releasé8%. Whiletwo-

gravel fraction from the chemically reactive fine fraction would thirds of this reduction was a result of changing
change the geochemical and hydrologic interactions and thus hydrogeochemistry, one-third was the result of the flushing action
reduce the overall release of metals. The element-element ratios of of the water used during the separation process. Because F
leachate from columns containing the original composite materiatoncentrations were controlled by anglesite solubility, decreased

and colmns containing the three size fractions were consistent dissolved sulfate in the segregated material actually allowed more
with the oxidation of sphalerite, chalcopyrite, and pyrite. The acid Pb to be dissolved.

produced from oxidation was partially neutralized by the For on-site disposal of the coarser fraction of mine-waste-
dissolution of muscovite. The effect of exchange of Ca and Mg on contaminated soils to be a reliable remediation option, the coarser
the surfaces of the sand fraction was clearly evident. It is ndraction must have a low sulfide mineral content and must be
known how ion exchange affected metal release in the originalhoraughly cleaned of fines. Sulfide minerals in the coarser
composite material and the other segregated fractions. In this opéraction of this original composite material probably originated in
system, Fe seemed to be controlled by the solubility of a ferric material brought to the millsite, rather than being transported by
hydroxide mineral. Dissolved Si concentrations were controlled by fluvial processes. More dramatic reductions in metal releases
silica solubility, while Pb was controlled by anglesite solubility. would be expected if the coarser fraction were composed mostly of
The initial release of metals from the coarser fraction was controlled alluvial gravels. To limit initial release rates of metals, aggressive
by the sands and fines remaining on the surfaces of the gravel, a water treatments would be necessary to wash off soluble salts ar
result of incomplete size separation. fine material adhering to gravel surfaces.
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The fine fraction was subjected to a variety of mineral-processing by magnetic properties was interesting, but did not achieve either
techniques to concentrate metals into a useable product and to goal.

reduce metal releases. Conventional sulfide mineral flotation failed The goal ofchanging the hydrogeochemistry of mine waste by
becaise of the extensive oxidation that had already taken place size separation to reduce release of metals was achieved in thi
during thedecades that this mine waste has been deposited on theudy, stlkeit not to the extent that would allow on-site disposal of

flood plain. Gravity separation produced a concentrate that was the coarser fraction as the only remediation action. However, a
fairly high in Pb, probably as anglesite. The high Fe concentration hybrid approach in which size separation is an integral part of a
in a concentrate separated variety of remediation schemes is suggested.
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